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ABSTRACT
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Arsenic Release from Surface Soils Induced by Stormwater Bioretention
by
Kaisa H. Patterson, Master of Science
Utah State University, 2020
Major Professor: Joan E. McLean
Department: Civil and Environmental Engineering
Bioretention is a method of stormwater management commonly implemented to
mitigate excess stormwater runoff and impaired water quality. Arsenic is not a typical
component of stormwater runoff, yet there is evidence of arsenic mobilization from
geologic sources enhanced by conditions that develop in stormwater bioretention
systems. The presence of geogenic arsenic in surface soils and aquifer solids in Cache
Valley, UT, may pose a challenge to stormwater management.
The goal of this study was to determine which factors in stormwater bioretention
are significant to arsenic release. Possible mechanisms responsible for arsenic release
from bioretention systems include but are not limited to the introduction of stormwater
pollutants including phosphate which competes for sorption sites with arsenic, and plant
processes including altered rhizosphere biogeochemistry and plant uptake.
Various stormwater pollutant loads and vegetation treatments were applied to a
field site over the growing season in the summer of 2018. Pore water was collected
periodically throughout the study while the accumulation of arsenic in soils and plants
was evaluated at the end of the study. Plant type had the most pronounced effect on the
pore water, soil, and plant tissue arsenic concentrations. The effect of pollutant loading

was compounded by plant type, as pore water arsenic concentrations for the unplanted
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control remained the same with all pollutant loading regimes. Plant selection for
bioretention is therefore dependent on the loading into bioretention systems. Plants
resulted in an increased proportion of arsenite associated with the pore water and soil
ligand exchangeable and carbonate fractions. This observation indicates the efflux of
arsenite as a detoxification mechanism, with the effluxed arsenite associating with
mineral surfaces. Pore water correlations indicate that arsenic solubility was related to
pH, iron, manganese, and select low molecular weight organic acids. This led to the
conclusion that pore water arsenic was also associated with mineral dissolution and
desorption processes. Results from this study can be used to inform bioretention design,
to reduce the risk of arsenic mobilization, and to protect ground water quality.
(114 pages)

PUBLIC ABSTRACT
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Arsenic Release from Surface Soils Induced by Stormwater Bioretention
Kaisa H. Patterson
Arsenic is a naturally occurring element known for its chronic and acute toxicity.
The solubility of arsenic is highly dependent on environmental conditions. The soils of
Cache Valley, UT, contain naturally occurring arsenic.
Bioretention systems rely on a combined plant-soil system to remove pollutants
carried by stormwater, typically nitrogen, phosphorus, dissolved organic carbon, and
select metals. Phosphate from stormwater potentially increases arsenic mobility, which
makes stormwater pollutant loading an important factor for evaluating risks associated
with stormwater bioretention. Pollutant removal in these systems occurs through sorption
of contaminants onto the soils, physical filtration by the soil media, and uptake by plants.
Plants play an important role in bioretention systems since many of the stormwater
pollutants are also plant nutrients. Rhizosphere biological processes can alter soil
chemistry; an adverse effect of those alterations is the mobilization of naturally occurring
arsenic.
The aim of this study was to determine which factors influenced arsenic
mobilization in soil pore water in stormwater bioretention systems. To do so, a variety of
plant types and stormwater pollutant concentrations were applied as treatments to a
bioretention site in Cache Valley, UT. From this study, certain plant types were
determined to result in minimal arsenic concentrations in the soil pore water and mobile
soils minerals phases.
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INTRODUCTION
The Food and Agriculture Organization (FAO) of the United Nations estimates
that by the Year 2025, 180 million people will be affected by water scarcity. An
estimated 1.5 to 3 billion people globally rely on groundwater as a drinking water source
(Kundzewicz and Döll 2009). Over-exploitation of groundwater resources, the addition of
climate stressors, and the expansion of infrastructure through urbanization leads to the
alteration of hydrological cycles and in turn unsustainable groundwater recharge,
ultimately contributing to resource insecurity. With increasing urbanization the
development of more sustainable stormwater management, such as Green Infrastructure
(GI), can enhance groundwater resources.
Bioretention (BR) is a broad category of GI commonly implemented to manage
stormwater runoff quantity and quality. Bioretention can be used to recharge groundwater
resources. Bioretention also treats stormwater with sedimentation, filtration, sorption, and
plant uptake to remove constituents such as Total Suspended Solids (TSS), trace metals,
organics, phosphorus (P), and nitrogen (N). However, the biogeochemical conditions that
make BR effective for stormwater treatment may also encourage the release of geogenic
arsenic (As) as seen in Borecki (2015).
Arsenic is not a typical component of stormwater runoff, yet there is evidence of
As mobilization in stormwater detention and retention areas (Stoker 1996; Parker et al.
2000; Borecki 2015). Arsenic is a known carcinogen displaying both acute and chronic
toxicity. The USEPA and WHO have established a 10 μg/L drinking water limit for As. It
is estimated that more than 140 million people globally are exposed to drinking water
with As concentrations exceeding 10 μg/L (Ravencroft, et al. 2009). Elevated

concentrations of As in groundwater are primarily caused by geogenic sources (Smedley
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and Kinniburgh 2013).
Though As in BR systems may not be a significant problem in all locations, the
presence of geogenic As in surface soils and aquifer solids in the basin-fill aquifers of the
Western US, including Cache Valley UT (Meng et al. 2017), may impose a challenge to
stormwater management. Arsenic concentrations ranging from below detection (<0.25
μg/L) to 2,930 μg/L have been observed in the pore water of BR research sites around
Cache Valley (Borecki 2015, UWRL unpublished data). At the only site where
groundwater was analyzed, the As concentration in the groundwater below the BR
system exceeds the drinking water limit. Groundwater under the BR system was collected
from shallow depths, not used for drinking water.
It is important to understand the mechanisms responsible for As mobilization in
BR systems since groundwater recharge is reliant in part on stormwater infiltration. The
proposed mechanisms for As release in BR systems was examined using a site in Cache
Valley, the Green Meadows housing development. This field site has been used for a
larger project funded by the USEPA STAR program to examine the uptake and
transformation of stormwater contaminants in BR systems with different plant and
pollutant loading treatments. Possible mechanisms responsible for As release in BR
systems include, but are not limited to, plant and microbial exudates that alter the
rhizosphere biogeochemistry and plant uptake, and storm frequency resulting in
differences in pollutant loading and water regime. The goal of this study was to
determine which factors in stormwater BR systems are significant for arsenic release and

therefore pose a risk to human health. This can further inform engineering designs to
mitigate the risks of arsenic release to groundwater from stormwater BR systems.

3

HYPOTHESES AND OBJECTIVES
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Overall Hypothesis: The conditions established within stormwater BR systems,
due to rooting zone processes and storm frequency, which alter pollutant loads, release
geogenic As.
Hypothesis 1: The presence of plants and plant type influence As release through
altered rhizosphere biogeochemistry and plant uptake mechanisms.
Objective 1: Sample and analyze the pore water of four different planted
treatments plus an unplanted control over the course of one growing season at a BR field
site in Cache Valley UT. The pore waters of each planted treatment were compared using
the metrics of As species, Fe species, Mn, P, N, low molecular weight organic acids
(LMWOA), dissolved organic carbon (DOC), along with general water quality
parameters.
Objective 2: Evaluate the accumulation of arsenic in soils and plants at the end of
the study to gain perspective on potential sources and sinks of As in BR systems with
respect to plant treatments.
Hypothesis 2: Storm loading results in variable influx of runoff pollutants, in
particular phosphate, into BR systems, and leads to the release of arsenic into the soil
pore water
Objective 3: Collect pore water from a BR system with different storm pollutant
loading regimes. The metrics used to determine differences in these systems include As
species, Fe species, P, N, LMWOAs, DOC, and water quality parameters.
Objective 4: Evaluate the accumulation of arsenic in soils and plants to gain
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perspective on potential sources and sinks of arsenic in accordance with different loading
rates.

LITERATURE REVIEW
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Arsenic in the Environment
The concentration of As in soil is highly variable based on site geology, natural
processes, and anthropogenic activity. Soils with geogenic As typically contain
concentrations in the range of 5-15 mg/kg, with an average of 7.2 mg/kg (Smedley and
Kinniburgh 2013). Though soil can act as a sink for As through precipitation and sorption
processes, soil can also act as a source of As through desorption and dissolution
processes, implying soil with relatively low concentrations of As still has the potential to
contaminate water to concentrations exceeding the USEPA Maximum Contaminant
Level (MCL) of 10 µg/L As (Frankenberger 2002).
The most common arsenic bearing primary minerals are arsenian pyrite
(Fe(S,As)2), arsenopyrite (FeSAs), löllingite (FeAs2), realgar (AsS), orpiment (As2S3),
cobalite (CoAsS), and niccolite (NiAs) (Smedley and Kinniburgh 2013). Physical,
chemical and biologic weathering of primary minerals leads to the formation of
secondary As-bearing minerals (scorodite, FeAsO4.2H2O; claudetite, As2O3; conichalcite,
CaCu(AsO4)(OH)) and to the sorption of As on to various metal oxides. Arsenic in soil
can be fractioned into surface associated ligand exchangeable sites, and incorporated into
carbonate, Mn oxide, organic matter, amorphous Fe oxide, and crystalline Fe oxide
minerals.
Arsenic Chemistry
The stability of As mineral associations is reliant on the oxidation-reduction
potential (ORP measured as Eh) of the environment. In continuously reducing

environments As precipitates as insoluble Fe-As-sulfide minerals. In continuously
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oxidizing environments As is stabilized by sorption onto and incorporation into oxide
mineral surfaces. Cycling of reducing and oxidizing environments leads to As
destabilization and release.
Arsenic has five oxidation states: -3,-1,0,+3, and +5. Generally As occurs in the
environment as arsenate (As(V)) and arsenite (As(III)). Arsenate is thermodynamically
favored in oxidizing environments, while arsenite is thermodynamically favored in
reducing environments. The kinetic rate of thermodynamic equilibrium for As oxidation
is however slow, resulting in the presence of As(V) under reducing conditions and As(III)
under oxidizing conditions. Ultimately the oxidation state of As in the environment is
mediated by chemical and biological reactions (Masscheleyn et al. 1991; Frankenberger
2002; Smedley and Kinniburgh 2013).
Arsenic Sorption
Arsenic generally forms an oxyanion in the soil environment; H2AsO4- and
HAsO42- are the dominant forms of As(V), and H3AsO30 is the dominant form of As(III)
at circumneutral pH values. Generally As(III) is the more mobile As species, due to the
ionic valency of H3AsO30. Adsorption of As in soil is dependent on the pH of the soil
since the charge on some mineral surfaces is controlled by pH. Arsenic is an oxyanion;
thus soil minerals with negative surface charges will not adsorb As. The point of zero
charge (PZC), expresses the pH were the mineral surface has a net neutral charge. At pH
values below the PZC, the surfaces are positively charged and conducive to sorption of
As. At pH values above the PZC, the surface carries a net negative charge limiting As

sorption and increasing As mobility. Minerals that are commonly associated with As
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sorption reactions include: manganese oxide/hydroxides, clay surfaces, aluminum
oxide/hydroxides, iron oxide/hydroxides, and calcium carbonates. Soil organic matter
(Sadiq 1997 Frankenberger 2002) has limited capacity for As sorption with a PZC of 2.
It is important to note that the sorption capacity and PZC can be variable among
similar mineral surfaces. Since soil media is a highly spatially and temporally variable
mixture of minerals, understanding the PZC for individual mineral components is
important for predicting As mobility and stability.
Al oxide/hydroxides, Mn oxide/hydroxides, and clay surfaces, as a general rule,
will only be positively charged in acidic to near-neutral soil pH values. Manning and
Goldberg (1996a) observed sorption maxima for As onto kaolinite, montmorillonite, and
illite clays at a pH of 5.0, 6.0, and 6.5, respectively. These surfaces however will not sorb
As above their PZC, limiting sorption of As under alkaline conditions. However, a study
conducted by Goldberg and Glaubig (1988) showed that montmorillonite clay had a
sorption maxima for As(V) around pH 5 followed by a decrease in As sorption but then
an increase in As sorption above pH 9. They attribute the increase in As sorption at pH 9
to calcite impurities in the montmorillonite clay, demonstrating the complexity of As
sorption in soil systems.
Calcite provides an effective surface for As sorption in alkaline soils (Goldberg
and Glaubig 1988; Romero et al. 2004; Yolcubal and Akyol 2008), though the mineral
itself is not stable in acidic soils and therefore does not contribute to As sorption in acidic
environments. Sadiq (1997) reported a PZC for calcite around pH 9.5. Goldberg and

Glaubig (1988) observed a sorption maxima for As(V) on to calcite at a pH of 10.5.
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Fe oxide/hydroxides are important surfaces for As sorption at circumneutral pH.
Fe oxide/hydroxides are considered one of the main controls on As mobility in soils. As
shown by Dixit and Hering (2003), Fe oxides can be effective for sorbing both As(III)
and As(V). The ability of Fe oxide sorption is limited by the pH of the environment.
Between pH 6-9, As(III) showed maximum sorption to goethite and amorphous iron
oxides, while As(V) was more effectively sorbed in a <6 pH range. The effective sorption
of both As(III) and As(V) by Fe oxides shows that As release is reliant on multiple
environmental factors and predictions cannot be simplified by only examining As
speciation and pH.
In addition to the presence of sorption surfaces, the soil solution contains a
mixture of cations and anions which either aide or hamper As stability. The use of
divalent cation amendments has been shown to aide in the stabilization of As in
groundwater recharge pathways (Fakhreddine et al. 2015). Divalent cations are able to
form bridging complexes with clay surfaces and scavenge As from the soil solution.
Conversely, anions can compete for ligand exchange sites with As and release sorbed As.
Phosphate is a polymorph of As(V) with the same anionic charge, size, and configuration.
Phosphate has been shown to compete with both As(V) and As(III) for sorption sites
(Manning and Goldberg 1996a, 1996b). Dissolved organic matter (DOM) has also been
shown to compete for sorption sites with As. Grafe et al. (2001) examined the influence
of three different types of organic molecules on the sorption of As(V) and As(III) onto
goethite. The study concluded that humic acid, fulvic acid, and citric acid will decrease

As sorption on to the goethite surface to varying degrees, dependent upon the oxidation
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state of the As.
Arsenic Reduction and Oxidation
Redox changes control As chemistry and affect both As sorption and As mineral
stability. Redox changes can occur through mineral or organic redox coupling and
through microbial respiration in anaerobic environments.
Mineral-arsenic redox transformation is possible with certain Mn oxide minerals
(Manning et al. 2002). The mineral birnessite, a Mn oxide, is a potent oxidizer, oxidizing
As(III) to As(V). Birnessite is additionally an effective As sorbing mineral. The coupled
oxidation of As(III) and reductive dissolution of birnessite results in surface changes to
the mineral which are conducive to increased As(V) sorption.
DOM has been shown to have complex redox interactions with As (Bauer and
Blodau 2006). Bauer and Blodau (2006) found that As(V) could be reduced to As(III)
and As(III) could be oxidized As(V) by organic matter. This contradicts thermodynamic
model predictions of the behavior of As and DOC and demonstrates the complexity of
organic matter-As interactions.
In many systems the release of As is dependent on microbial activity (Lee et al.
2005; McLean et al. 2006; Tufano et al. 2008; Mukwaturi and Lin 2014; Lawson 2016).
In anoxic environments a range of microbes utilize As(V), Mn(IV), and Fe(III) as
terminal electron acceptors (TEAs) during respiration. Arsenate can be used as a TEA,
transforming As(V) sorbed on mineral surfaces to the potentially more mobile reduced
state, As(III) (Fig. 1a). Arsenic can also be released when Fe(III) or Mn(IV) is used as a
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TEA and reduced to Fe(II) and Mn(II), respectively, causing the dissolution of the metal
oxide minerals and subsequent release of associated As from exchange surfaces and
mineral matrices (Fig. 1b).

As(III)
CO2

2e

-

As(V)

CH2O

Mineral

Fe(II)
CO2

1e

-

+

As(V)

As(V)
Fe(III)

CH2O

FeOOH

Fig. 1. Microbial redox transformation of (a) arsenate to arsenite and (b) ferric iron to
ferrous iron (modified from Oremland and Stolz (2005)).
Arsenic and Groundwater Recharge
Research on the dynamics of water quality changes during groundwater recharge
has shed light on the link between hydrology and As release. Studies have concluded that

dissolved oxygen (DO) and DOC content of recharge waters are responsible for
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increasing As solubility (Parsons 2013; Lawson et al. 2016). Lawson et al. (2016) tracked
the influence of hydrology on As mobility in shallow Cambodian groundwater wells.
This study demonstrates the importance of flow regimes and input water quality, such as
the source and age of DOC, on predicting As release in the Mekong Delta basin.
Fritzsche et al. (2016) concluded that the transport of As through a soil column is
limited by permanent and coexisting oxic-anoxic zones in the soil profile, where Fe(III)
species are dominant in these oxic zones, independent of the duration of inundation. They
assume As is immobilized along with Fe oxides and Fe-organic compounds in the
presence of these oxic zones. The mechanism proposed by Fritzsche et al. (2016) is
supported by Masscheleyn et al. (1991) and Reynolds et al. (1999) who also showed As
immobilization in oxidizing environments controlled by chemisorption processes.
Conversely, As can also be stabilized in anaerobic environments by precipitation, as
shown by Burton et al. (2014). Burton et al. (2014) using microcosm experiments,
studied flooding of As-pesticide contaminated soils. In the absence of sulfate, anaerobic
conditions caused increased Fe(II) and As(III) in the solution phase. With higher sulfate
additions, microbial reduction of the sulfate led to the precipitation of FeS and the
stabilization of As in the environment. Parsons et al. (2013) demonstrated in bench
microcosms that aqueous As concentrations will stabilize in oscillating oxidizing and
reducing conditions as the electron donor, DOC, initially introduced in flood waters is
consumed by microbial cellular respiration using Fe oxides as TEAs.
It is apparent from these studies that As stabilization is dependent on the redox of

other minerals As associates with. The redox of those minerals is highly dependent on
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microbial activity. The transport of As in hydrogeologic systems is therefore indirectly
impacted by microbial activity along flow pathways.
Stormwater Bioretention
Stormwater Green Infrastructure (GI) design elements can be implemented on
various scales, and include the use of five general categories of best management
practices: ponds, wetlands, infiltration, filters, and vegetated biofilters (USEPA 2004a).
Vegetated biofilters, such as BR systems, make use of sorption, filtration, settling, and
phytoremediation to remove stormwater constituents. Bioretention vegetated biofilters
have high removal efficiency of phosphorous and metals making them a popular tool for
urban stormwater management.
Stormwater Quality and Effect on Arsenic
The composition of stormwater can be highly variable based on land usage and
season. Stormwater commonly contains suspended solids, nitrate, ammonia,
phosphorous, metals, dissolved organic matter as DOC, coarse particulate organic matter
(CPOM), oil and grease constituents, and pesticides. Elevated concentrations of DOC and
nutrients stimulate microbial activity potentially lead to, at least, temporary anaerobic
conditions. Phosphate and DOC have also been shown to interfere with As stability by
competing for sorption sites. Both phosphate and DOC in urban runoff are typically
attributed to fertilizers and yard and animal wastes (Strassler et al. 1999).
The addition of DOC-rich water also has the potential to stimulate microbial
activity leading to altered redox chemistry in soils. Leaf litter is commonly found in

14
drainage systems in urban centers and can be a significant source of DOC in stormwater.
Richardson (2014) studied CPOM in storm drains as it decomposes to DOC, which can
induce high oxygen demand on a time scale of hours. Mukwaturi and Lin (2014) have
completed a complementary study that looks at the impacts of inundating contaminated
soils and adding DOC. They concluded that the addition of DOC increases the dissolution
of Fe and Mn minerals, attributed to microbial respiration. In addition to Fe and Mn
mineral dissolution, they observed a temporary increase in aqueous phase As during
incubation followed by a decrease in select treatments. They theorized that the As in the
soil is temporarily destabilized and then may have more complex interactions, either
volatilizing as a methylated species, or forming organic matter-Fe(III) As associations.
Rhizosphere Processes
The plant-soil interactions in BR systems are capable of transforming and
assimilating pollutants in stormwater. Many of the mechanisms responsible for
contaminant transformation in BR systems occur in the rhizosphere, the zone of soil
influenced by plant roots. Plants are able to alter the chemical and microbial environment
of the rhizosphere for optimal nutrient exchange and growth. Plants can influence the
rhizosphere by changing pH, DO, and producing root exudates. The ability to alter
rhizosphere environments is important for mining nutrients such as phosphorus and iron,
which are essential to plant growth.
Low molecular weight organic acids (LMWOA) are a type of root exudate
employed by plants for a variety of rhizosphere processes including nutrient acquisition.
Tyler and Ström (1995) found a difference in the types of root exudates produced by

plants adapted to growth in calcareous soils versus plants adapted for growth in acid
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soils. Ström et al. (2005) then studied the behavior of citrate, oxalate, and malate in
calcareous soils with respect to mining of phosphorus and Fe. This study concluded that
phosphorous was most effectively mobilized at a higher pH (pH 7.5), and Fe was more
effectively mobilized at a lower pH (pH<3.5). The mobilization of phosphorous at a
higher pH would indicate that the mechanism responsible for release is surface exchange
with the LMWOAs. Since As is an isomorph of phosphate the same mechanisms would
likely apply for As mobilization in rhizosphere processes.
The dissolution of iron minerals observed in the study by Ström et al. (2005) can
be attributed to the formation of complexes between Fe and the LMWOAs tested. Since
As has a high affinity for Fe oxides, the dissolution of Fe minerals would result in the
mobilization of As. This indicates that LMWOA potentially mobilize As and that the
mechanism for release is dependent upon the pH of the system.
Studies have shown a link between LMWOA application to soil and As
mobilization using batch or column desorption studies (Zhang et al. 2005; Ash et al.
2016; Onireti and Lin 2016; Onireti et al. 2017; Nworie et al. 2017). Studies by Ash et al.
(2016), Onireti and Lin (2016), and Nworie et al. (2017) conclude that oxalate is the most
effective LMWOA for As extraction from soils. They additionally found that the ability
of oxalate to mobilize both Fe and As is not solely dependent on pH changes. These
studies showed a significant link between As in solution and the formation of Fe
complexes with LMWOAs. This would indicate that As release from these soils is
dependent on the Fe oxide bound fraction of As. Complicating the process is the

precipitation of LMWOAs with Ca (Onireti and Lin 2016). The removal of the
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LMWOAs through precipitation with Ca led to the re-precipitation of iron oxides and
subsequent re-immobilization of As. Though the focus of these studies has been on
heavily contaminated, slightly acidic soils rich in iron minerals, these studies provide
valuable insight into the chemistry controls on As mobilization. Currently, there is no
published research on the effects of LMWOAs on As release in soils with geogenic As in
carbonate rich sediments as found in Cache Valley.
Plant studies (Gonzaga et al. 2006; Gonzaga et al. 2008; Mudhoo et al. 2010;
Obeidy et al. 2015) show transformation of the mineral associations of As in the
rhizosphere. There are, however, contradictions among the findings of these studies.
Some studies (Gonzaga et al. 2006; Gonzaga et al. 2008; Mudhoo et al. 2010) have
shown that As is mobilized from more recalcitrant pools of sediment leading to As
solubilization and in some cases plant uptake. Obeidy (2015) also observed increase in
As solubilization in planted soils but showed that As is redistributed to more recalcitrant
fractions of the soil.
Plants management As uptake and detoxification via different mechanisms. Xu et
al. (2007) grew Lycopersicon esculentum L. cv. Alicante (a tomato cultivar) and Oryza
sativa L. cv. Oochikara (a rice cultivar) using hydroponic observed the detoxification of
As by the rapid uptake of As(V) by the plants followed by reduction to As(III) in-planta.
The plants then effluxed As(III) back into the rooting zone. Within a 24 hr period tomato
plants were capable of reducing 97.7% and rice plants 90% of the 10 µM As(V) in
solution to As(III). Sunflowers have been shown to uptake As(V) but the plant-reduced

As(III) is complexed with thio functional groups of phytochelatins and is not effluxed

17

(Raab et al. 2005, 2007).
Arsenic at Green Meadows
Land use in Cache Valley, located in Northern Utah, is dominated by agriculture
with increasing urbanization. The sediment in Cache Valley contains geogenic arsenic
(Meng et al. 2017). The Green Meadows housing development is located near the center
of Cache Valley (41° 43' 15.05" N; -111° 52' 30.76 W). A plot of land adjacent to the
housing development was originally designed as a stormwater retention basin. The basin
was redesigned in 2010 to accommodate a research project conducted by Utah State
University on BR systems (Fig. 2) (Borecki 2015). The Green Meadows site is divided
into 24, 1.5 m by 4.8 m (5 ft by 15 ft) plots referred to as bays. Stormwater from the
adjacent 10.1 hectares (25 ac) housing development is directed to a distribution box and
through a series of weirs to be distributed to each bay. Overflow from the basin is
directed to a canal that discharges into the Logan River.
Borecki (2015) studied the Green Meadows site to determine the effectiveness of
metals (Pb, Cu, and Zn) and nutrient removal by dewey sedge (Carex deweyana),
maximilian sunflower (Helianthus maximiliani), and broadleaf cattail (Typha latifolia),
plant species proposed for BR systems in Utah’s semi-arid climate. Borecki (2015)
applied an amendment of citric acid (0, 10, and 50 mmol citric acid/kg), which has been
suggested for increasing phytoremediation of Pb, Cu, and Zn (Römkens et al. 2002;
Mihalík et al. 2011; Qu et al. 2011; Almaroai et al. 2012; Freitas et al. 2013; Tapia et al.
2013; Freitas et al. 2014) and has been shown to increase As solubility (Zhang et al.
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2005; Ash et al. 2016; Onireti and Lin 2016; Nworie et al. 2017; Onireti et al. 2017). The
application of citric acid coincided with the release of As, but there was also release of
As with just the presence of the plants (Figure 3), displaying a rooting zone effect on As
chemistry. The concentration of As in stormwater distributed to the BR system averaged
1.4 ± 0.11 µg/L. The average concentration of As in the pore water of planted treatments
was approximately 250 µg/L, while the average pore water concentration of As in the
unplanted treatments was approximately 50 µg/L (Fig. 3).
These results suggest that the native soils contribute a large portion of the As
observed in the BR system at Green Meadows. The native soil contained 1.2 – 8.7 mg/kg
of potentially labile As (determined as the sum of As associated with the exchangeable,
carbonate, organic, and manganese oxide portions of the soil by selective sequential
extractions (SSE)) and 3.61 – 14.3 mg/kg total arsenic. Though these soils fall well
within the typical range for total As in soils (Smedley and Kinnisburgh 2013),
environmental factors and As fractioning within the soil appear to be better predictors of
potential As release from these soils than simply total soil As concentrations.

Flow distribution box
Distribution weir

Inflow from subdivision

Primary channel
and weirs
Secondary channels
and weirs

Planted treatments

Bay overflow

N
Fig. 2. A schematic of the Green Meadows field site. The field is separated into 24 bays used to study BR.
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Fig. 3. Average pore water As concentration in the Green Meadows bioretention
study site with planted and unplanted treatments for no citric acid application.
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Experimental Design
The Green Meadow BR site was utilized to evaluate the influence of rooting zone
processes and storm frequency on As solubility. This study was part of a larger USEPA
STAR project that was designed to evaluate the influence of plant type and the
independent influence of storm runoff pollutant loading concentrations on the removal of
P, N, and metals over the growing season of the summer of 2018.
For the USEPA study, seven plant types (Table 1), plus an unplanted control,
were randomly assigned to 24 bays with each plant type planted in three bays. Due to
various considerations and design limitations (Appendix A) the evaluation of rooting
zone processes influencing As solubility utilized four of the seven plant species:
Helianthus maximilliani (sunflower), Carex microptera (sedge), Typha latifolia (cattail),
and Juncus balticus (rush). Three pollutant loading regimes, defined by low, medium,
and high pollutant loading specific to storm events in Logan, Utah, were randomly
assigned to each of the 24 bays (Table 1). The field site hydrology was such that the
fluctuating groundwater prevented observations of wet and dry cycling, thus this study
focused investigations on altering the nutrient loading and storm occurrences using
simulated storm events. Due to limitations in space it was not possible to replicate all
combinations of plants and storm frequencies; this study was a pseudo-replicated study.

Table 1. Random assignments for plant type and storm frequency treatments for the
USEPA study. The bay number was assigned by the order of the bay from North to
South. Highlighted in green are the plant treatments used in this study.

Bay #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Plant Species
Carex deweyana mixed with grasses

Helianthus maximilliani
Carex microptera
Helianthus maximilliani
Unplanted Control
Distichlis spicata
Unplanted Control
Naturally Seeded
Unplanted Control
Carex microptera
Juncus balticus
Distichlis spicata
Helianthus maximilliani
Distichlis spicata
Typha latifolia
Typha latifolia
Typha latifolia
Carex microptera
Carex deweyana mixed with grasses

Naturally Seeded
Juncus balticus
Carex deweyana mixed with grasses

Juncus balticus
Naturally Seeded

Random
Storm
Frequency
Assignment
11
11
23
23
5
5
11
23
23
5
23
11
5
23
11
5
23
11
23
11
11
5
5
5

Pore water, groundwater, soil, and plant samples associated with each of the
treatments were collected. The pore water and groundwater samples were collected the
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day after synthetic storm events, as the study progressed, to create a profile of the
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chemistries controlling As release with different plants and pollutant loading. This met
Objectives 1 and 3. Soil and plant samples were collected at the end of the study to
determine the final concentrations of As associated with each treatment, intent on
elucidating the sources and sinks of As in this study, as per Objectives 2 and 4.
In preparation for this study, the site was re-constructed in Spring 2017. During
the summer of 2016, the bays were often inundated with rising groundwater. During
reconstruction, each bay was excavated down 28 cm, with the exception of the naturally
seeded and the mixed Carex and grasses bays, to remove residual biomass from the
previous studies at Green Meadows. Purchased top-soil, compost, and mulch were added,
raising the ground surface to account for the observed high water table.
The top-soil used at the GM BR system was purchased from a local excavating
company which acquired the top soil from a field in northern Cache Valley. The soil was
analyzed by the Utah State University Analytical Laboratory (USUAL) to determine
basic soil characteristics (Table 2). Compost was bought from the Logan Landfill and
soils were amended with a 2:1 soil to compost ratio. The soil and compost mixture was
added to the bays and topped with mulch. The soil mixture was then sampled and
sequentially extracted in Fall 2107 to determine the amount of ligand exchangeable
(AsF1), carbonate (AsF2), organic (AsF3), and very amorphous Fe oxide and Mn oxide
(AsF4) fractions of the media (Table 3). The total As concentration (AsT) of the media
was also determined by an independent digestion (Table 3).
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Table 2. Top soil characteristics.
Analyte

Measurement

Salinity
Olsen-P
Nitrate-N
Ammonium-N
Organic Carbon
Cation Exchange
Capacity
Calcium Carbonate
Texture
pH

0.45
33.3
5.62
1.79
1.1

Unit of
Measurement
dS/m
mg/kg
mg/kg
mg/kg
%
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cmol/kg

1.5
Loam
7.6

%

Table 3. Soil fractions associated with the growth media pre-study, samples collected
from the bays after topsoil, compost, and mulch were combined. Arsenic concentrations
given in mg/kg.
AsF1
AsF2
AsF3
AsF4
AsT

GM Pre-study soil:
1.41 ± 0.65
2.00 ± 0.84
1.29 ± 0.24
0.16 ± 0.06
8.47 ± 1.84

For this study, the naturally seeded and the mixed carex and grasses were not
utilized since these bays were not replanted and therefore had the original site soil and
not the new added top-soil. The inland saltgrass was purchased from a vendor, but the
seed provided was mixed seeds dominated by Elymus repens (L.) Gould (quackgrass), a
noxious weed. These three treatments were not considered in this study (Appendix A).
The runoff pollutant loading selected were reflective of runoff loadings from 5
day, 11 day, and 23 day storm frequencies in Cache Valley (Trixie Rife, personal
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communication, April 13, 2017). The 5 day storm frequency corresponds to a low runoff
pollutant loading, the 11 day storm frequency corresponds to a medium pollutant loading,
and the 23 day storm frequency corresponds to a high pollutant loading. A synthetic
stormwater runoff treatment was applied to each bay during artificial storm events.
Stormwater runoff data were collected at four sites in Cache Valley to create a composite
estimate of stormwater pollutants in Cache Valley (Table 4).
Table 4. The average stormwater runoff concentration observed in Cache Valley.
Analyte

Units

Average

N

Metals

TN

mg/L

2.76

184

Analyte

Units

Average

n

TDN

mg/L

2.00

165

Al

µg/L

58.63

105

TP

mg/L

0.35

352

Cr

µg/L

1.18

102

TDP

mg/L

0.21

304

Fe

µg/L

61.09

105

NO3-N

mg/L

0.88

112

Ni

µg/L

5.93

99

NH3-N

mg/L

0.61

114

Cu

µg/L

7.07

167

DOC

mg/L

26.83

151

Zn

µg/L

36.59

169

EC

µS/cm

147.19

104

As

µg/L

1.26

102

pH

Units

6.46

101

Cd

µg/L

0.04

67

TSS

mg/L

98.06

278

Pb

µg/L

0.48

149

The average runoff data represent the pollutant load concentration for the low
runoff pollutant loading treatment. The medium and high runoff pollutant concentrations
were extrapolated using a linear function that assumes the pollutant concentration is a
function of the number of days between storms. By the end of the study each bay
received the same total mass of pollutants. Table 5 shows the pollutant loading design for
each watering regime. The pollutants were administered to each bay in a first flush
mixture using a concentrated stock of pollutants. The flush stocks were divided so that
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phosphorous was administered separately from the metals and nitrogen. This was done to
reduce the precipitation of phosphorous from the flush stock before application.
Table 5. Pollutant loading used for the low loading, medium loading, and high loading
treatments during each synthetic storm event.
Pollutant Loading (mg)
Analyte

Low loading

Medium loading

High loading

TDP

77

143

250

Cu

3

5

9

Zn

14

25

44

NO3-N

326

606

1060

NH3-N

227

421

737

347

607

Organic-N*
187
*Organic-N was added as urea.

Using the design guidelines provided by the USEPA for the sizing of BR systems,
each bay was designed to be 5% of the treatment area (USEPA 2004b). The treatment
area was therefore 146 m2 (1,572 ft2). In addition, the treatment area was considered an
urban setting with 50% infiltration and 50% runoff assumed for all rainfall events. The
volume of stormwater applied to each bay was representative of a 1 yr, 15-min storm for
Logan, UT. The Rational method was used to estimate the total volume of stormwater
runoff applied to each of the bays (Eq. 1). Using 0.51 cm for i, which is the depth of
rainfall for a 1 yr, 15-min storm, a drainage area of 146 m2 treated by each bay for A,
with a runoff coefficient, C, of 0.5, results in 5.1 cm of stormwater runoff applied in each
bay.
q p = Ci A

(1)

Synthetic stormwater was applied over the bays using hose-end sprayers to
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deliver a concentrated 37 L (9.77 gallon) first flush solution. The flow rate of the first
flush application was 2.4 L/min (0.63 gal/min) and the total application time was 15
minutes. After the bays were individually sprayed by hand with first flush mixtures, a
0.91 m (3 ft) by 3.96 m (13 ft) frame with irrigation hoses was placed over the top of the
bays to apply the remaining 333 L (88 gal) of stormwater at a flow rate of 8.8 L/min
(2.32 gal/min). The sampling and instrumentation of each bay was done on a grid of 930
cm2 (1 ft2) squares: each bay contained 39 squares (Fig. 4). A buffer zone of 30.5 cm (1
ft) around the walls of each treatment bay was used to decrease sidewall effects in the
plot.

30.5 cm
30.5 cm
30.5 cm

Fig. 4. Example of the grid system placed over each bay.

Each bay was instrumented with six rhizone samplers (Fig. 5) (Soil Equipment
Corp, 2008) and one well. Rhizone samplers are made of a porous polymer and are 7.62
cm (3 in) in length and have a diameter of 2.48 cm (1 in). Rhizone samplers are placed in

pairs at depths of 7.62 cm - 15.24 cm (3 in - 6 in) and 15.24 cm - 22.86 cm (6 in - 9 in).
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Each pair was randomly assigned to three 930 cm2 (1 ft2) sections of the bay.

Fig. 5. Rhizone sampler used to collect pore water (Soil Equipment Corp., 2008).
One well was assigned to each bay in its own 930 cm2 (1 ft2) section to monitor
the groundwater. Wells were made of 1.22 m (4 ft) sections of 2.54 cm (1 in) PVC with a
0.3 m (1 ft) section of screen. Pilot holes, 0.91 m (3 ft) deep, were hand dug for each
well. The wells were installed so that the 0.3 m (1 ft) screen spanned previously observed
groundwater levels. The wells were placed in the pilot hole and 0.61 m (2 ft) of sand
were backfilled into the hole, followed by a 0.3 m (1 ft) layer of bentonite to seal the well
from the vadose zone of the bays.
Water Sample Collection and Treatment
Sample Collection
Pore water samples were collected from Rhizone samplers into 500 mL amber
glass bottles. A vacuum of at least 70 kPa was applied to the bottles after standing water

observed in the bays had receded; observations indicate this took 30-60 minutes after
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synthetic storm application. The vacuum remained intact on the pore water samples
during a collection period of 16-21 hours in order to collect sufficient volumes of pore
water for desired analyses. A 40 mL snap cap vial was placed inside of the amber glass
bottle to collect pore water for immediate field analysis of DO, temperature, pH, EC,
Fe(II) and ORP, along with ion exchange resin column separation of As(III). Overflow
from the snap cap collected in the amber glass bottle. After sample collection, the bottles
were placed into a cooler until transport to the Utah Water Research Laboratory
(UWRL). In the lab, samples were filtered through a 0.2 µm nylon filter and then divided
for analysis. Pore water analyses were selected for dissolved components, assuming that
Rhizone samplers only collected dissolved constituents. Each aliquot was appropriately
preserved for analysis. Samples were analyzed for total dissolved phosphorous, total
dissolved nitrogen, nitrate-N, nitrite-N, ammonia-N, metals, alkalinity, DOC, and
LMWOA.
Groundwater levels were measured at each event using a ground water level
indicator (Onset HOBO U20L). Successively, groundwater was pumped with a peristaltic
pump until stable pH, EC, DO readings were obtained, then groundwater samples were
collected for other analyses. As with the pore water samples, a portion of the groundwater
was immediately filtered and processed for As and Fe speciation. Groundwater samples
were placed in a cooler and transported to the UWRL. Groundwater was then filtered in
the lab and divided for preservation and lab analysis of the same parameters as the pore
water samples.

Sample Analysis:
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Measurements for pH, DO, EC, and ORP were made in the field for both pore
water and groundwater. For the pore water, sample pH was measured using a Corning
portable field pH probe (Fisher Scientific, Method 4500-H+), DO by RDO Optical
Dissolved Oxygen Sensor using an Orion Star A223 handheld meter, and the electrical
conductivity (EC) by an Orion 135 conductivity meter (Fisher Scientific, Method 2510).
For groundwater samples, a portable handheld Orion star series multi-meter was used for
measurements of pH, DO, and EC. For both pore water and groundwater samples, ORP
was determined using a Fisherbrand Accument Platinum Pin Ag/AgCl combination
electrode. During data analysis ORP data were adjusted to Eh relative to a standard
hydrogen electrode using EPA guidance (Striggow 2017).
Processing for As(III) analysis was done in the field after sample measurements
of pH, DO, EC, and Eh. Dowex 1x8 anion exchange resin (Wilkie and Hering 1998) was
used to separate As(III) from As(V). Samples were prepared for column separation by
adjusting pH between pH 4-5 using 2% H2SO4. Column separated samples were
preserved with nitric acid and saved for As analysis by inductively coupled plasma mass
spectroscopy (ICP-MS) (Agilent 7700x). The method reporting limit (MRL) for As
analysis by ICP-MS was 0.25 µg/L. Fe(II) was determined using a ferrozine method and
a HACH DR 2800 portable spectrophotometer.
Trace element analysis (Be, Al, V, Cr, As, Fe, Mn, Co, Ni, Zn, Se, Sr, Cd, Sb, Ba,
Tl, Pb) and macro cation analysis (Ca, Mg, Na, and K) were performed using ICP-MS
(USEPA Method 6020). LMWOA, chloride and sulfate concentrations were analyzed

using ion chromatography (Dionex ICS-3000, Dionex Method 123). Nitrate, nitrite,
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ammonia, total dissolved nitrogen (TDN), and total dissolved phosphorus (TDP) were all
analyzed by AQ2. Additionally, the DOC content was measured using the Apollo 9000,
Teledyne Tekmar combustion Carbon Analyzer with standard methods (APHA 2012
Method 5310B). Alkalinity was done by titration using Standard Method 2320 (APHA
2012) for samples from three events with low and medium pollutant loading rates and
one event with high pollutant loading rates. A cation and anion balance from the analysis
of macro cations by ICPMS and anions by IC showed that the alkalinity satisfied the
charge balance for the events where alkalinity was analyzed. Therefore, the alkalinity for
the earlier events was assumed to be the charge balance deficit and calculated values are
reported for those earlier events.
Soil Collection and Treatment
Sample Collection
Soil was collected at the end of the study using a clamshell auger. Three 930 cm2
(1 ft2) squares were randomly sampled in the bay excluding the squares occupied by
rhizone samplers and wells. Soil cores from the random squares were portioned out into
7.62 cm (3 inch) sections representing the soil profile at 0 - 7.62 cm (0 - 3 inches), 7.62
cm - 15.24 cm (3 - 6 inches), and 15.24 cm - 22.86 cm (6 - 9 inches). Soils were
homogenized and soil moisture analyzed immediately.
Sample Analysis
Soils were analyzed for As using a modification of the Huang and Kretzschmar
(2010) sequential extraction procedure (Table 6) and total digestions (USEPA Method
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3052). Sequential extraction solutions were analyzed for Fe(II) and trace metals using the
methods detailed in the water sample collection and treatment section. The As(III) and
As(V) in sequential extraction solutions F1-F4 were analyzed by LC-ICPMS with a
ZORBAX Eclipse Plus C18 4.6 x 150 mm, 3.5 µm particle size column using a 3 mM
malonic acid in 5% methanol at pH 5.9 eluent (Meng et al. 2017). The MRL for As(III)
and As(V) analysis by LC-ICPMS was 0.049 µg/L and 0.075 µg/L, respectively.
Table 6. Sequential extraction procedure adapted from Huang and Kretzschmar (2010)
Step Mineral Association
F1
Ligand Exchangeable
F2

Carbonates

F3

Organics

F4

F5

Acid volatile sulfides,
Mn Oxides, very
poorly crystalline Fe
oxides
Amorphous Fe Oxides

F6

Sulfides

F7

Crystalline Fe Oxides

F8

Residual

Extractant
20 mL of 5mM ammonium
phosphate monobasic, pH 7
25 mL 1M ammonium acetate,
pH 5
35 mL of 0.1M sodium
pyrophosphate
10 mL 1 M HCl + 10% HOAc
(v/v) + 50 mM HgCl2

Method
2 hour shake

10 mL 0.2 NH4+-oxalate buffer
+ 10 mM HgCl2, pH 3.25
vortex mix
10 mL 4 M HNO3 + 0.5%
APDC (w/v)
10 mL 4 M HCl + 10% HOAc
(v/v)
Nitric acid and hydrogen
peroxide

2 hour shake in a the
dark; repeated once

24 hour shake
30 minute shake
1 hr shake; repeated
once

1 hr shake at 65°C:
repeated once
1 hr shake at 95°C;
repeated once
Microwave
digestion USEPA
Method 3052

Plant Collection and Treatment
Plant samples were collected at the beginning and the end of the study. An above
ground tissue sample was collected from the same three random 930 cm2 squares that the

soil samples were collected from. Plants were dried at 60°C for >72 hr. Plant samples
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were ground to 0.2 mm with a Thomas-Wiley Model 4 Laboratory Mill after drying.
Plants were digested with nitric acid in accordance with Jones and Case (1990) and the
digestions were analyzed for trace elements by ICP-MS.
Statistical Analysis
Plant treatments were carried out with three replicates, while storm frequency
treatments were carried out with five replicates. Though both plant type and pollutant
load treatments were replicated they were applied as combinations with only one plot
assigned to each treatment combination. Within each bay samples for pore water,
groundwater, soil, and plant were collected in triplicate to provide statistics for the
consistency and replicability of each bay. Over the duration of the study there were four
applications of the high runoff pollutant loading events, seven of the medium runoff
pollutant loading events, and 13 of the low runoff pollutant events. In addition to looking
at the individual treatment effects, the treatments were analyzed with respect to time as
the study progressed. To maintain a balanced statistical analysis pore water samples were
analyzed using events where all storm runoff pollutant load treatments coincided, a total
of four events. A detailed schedule of storm events can be found in Appendix B.
The SAS university edition software package was used for all statistical analyses.
Diagnostics of the residuals (observations are independent, residuals are normally
distributed and homoscedastic with a mean of zero) were used to determine if the data
required transformation. If data required transformation, a Box-Cox transformation was
applied as a default to each measurement set. The most convenient lambda which fell

within the 95% confidence interval (CI) was used for each data set based on visual
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residuals diagnostics. Dunnett’s and Tukey’s Honestly Significant Difference (Tukey
HSD) were used to determine the statistical differences among treatment means with an
analysis of variance (ANOVA) (p<0.05). The Pearson correlation test was used to
explore correlations among different analytes and As.

RESULTS AND DISCUSSION
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Defining the Rooting Zone
Root samples dug up after the study showed that rooting was confined to the top
15.24 cm of the soil profile (Fig. 6). This depth defined the rooting zone for the study.
The data considered for evaluating As behavior were therefore restricted to this depth.

rush

sunflower

cattail

sedge

Fig. 6. Plant root structures and quantification of root extension.
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Arsenic in the Pore Water Through-out the Study
Effect of plant type

Over the course of the study, three main effects – sampling time, plant type, and
storm loading – were explored to determine the effects on pore water As and As(III)
concentrations. Plant type had a significant influence over As and As(III) concentration
(p<0.0001) in the rooting zone pore water (Fig. 7). All plant species had higher pore
water concentration of As and As(III) compared to the unplanted control, with the
exception of rush. The concentration of As in the sedge pore water was not statistically
different from the concentration of As and As(III) in the pore water of sunflower and
cattail. The sunflower treatment did result in significantly higher As concentrations than
the cattail treatment.
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Fig. 7. Arsenic and As(III) concentrations in soil pore water by plant type. Error bars
express the 95% confidence interval for each mean concentration. ANOVAs were
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determined using log transformed As and As(III). Tukey groupings are expressed with
capital letters (for As concentrations) and lower case letters (for As(III) concentrations).
Examining the effects of plant type, the average concentrations of As(III) in the
pore water ranged from 40-54% of the total As for sedge, sunflower, and cattail. The
unplanted control and rush were 25% As(III). The elevated proportion of As(III) in the
planted treatments, excluding rush, may reflect plant processes which alter the oxidation
state of As in the rooting zone. Xu et al. (2007) recorded the reduction of As(V) in
hydroponic nutrient solutions of Lycopersicon esculentum L. cv. Alicante (a tomato
cultivar) and Oryza sativa L. cv. Oochikara (a rice cultivar). Xu et al. (2007)
demonstrated that plants detoxify As by the rapid uptake of As(V) followed by reduction
in-planta. The plants then effluxed As(III) back into the rooting zone. Within a 24 hr
period tomato plants were capable of reducing 97.7% and rice plants 90% of the 10 µM
As(V) in solution to As(III). Sunflowers have been shown to uptake As(V) but the plantreduced As(III) is complexed with thio functional groups of phytochelatins and is not
effluxed (Raab et al. 2005, 2007). The presence of elevated concentrations and proportion
of As(III) in the rooting zone of sedge, sunflower, and cattails may be supportive of the
mechanisms proposed by Xu et al. (2007). Studies to observe these specific processes
would be necessary to confirm these observations.
Though the field site was typically saturated, it was never strongly reducing (Eh =
296 ± 49 mV (average ± 95% CI). Arsenite however persisted in the pore water, an
observation which is common in studies which look at As speciation during wet-dry
cycles. The observational persistence of As(III) in oxidizing environments has been

attributed to the presence of microsites and the formation of As(III)-Fe-organic
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complexes that stabilize the As against oxidation (Hashimoto and Kanke 2018). Slow
redox kinetic rates also contribute to the persistence of As(III) (Smedley and Kinniburgh
2013). The results of this study imply As(III) is produced by plants after As(V) uptake
and then exuded into the pore water. Then by slow kinetics or through complexation,
As(III) is stable in this otherwise oxidizing environment.
Effect of loading
Storm loading also had a significant effect on pore water As concentrations
(p<0.0001), but not on pore water As(III) concentration (p=0.0893) (Fig. 8). The
stormwater pollutant mixture contained phosphate, and since phosphate is a competitive
anion with As for sorption sites it was anticipated that with higher pollutant loading the
amount of As in the pore water would increase. The medium and high loading treatments
(143 and 250 mg PO4-P per application) produced higher As pore water concentrations
than the low loading treatment (77 mg PO4-P per application). Since the amount of As in
the pore water was affected by the storm loading, while the As(III) was not, the chemistry
most likely responsible for As concentration in the pore water in this system is
competitive sorption with phosphate. Since As(V) and phosphate are generally anions at
typical soil pH, the effect of competing phosphate addition would be more pronounced on
As(V) than As(III) (Jain and Leoppert 2000; Dixit and Hering 2003).
The pH is a compounding factor regarding As sorption and competition of
sorption sites. As the pH increases, particularly above pH 7, As(V) sorption to mineral
surfaces is decreased due to electrostatic repulsion of oxidic minerals (Fitz and Wenzel

2002). Arsenate and phosphate are both electrostatically repulsed from oxidic surfaces.

39

Since As(III) is a neutral molecule at pH <9, its sorption behavior is not affected by pH or
competition with As(V) or phosphate for sorption sites. Arsenite is therefore able to
participate in site-specific sorption up to pH 9. Additionally Jain and Leoppert (2000)
observed that at higher sorption densities As(III) sorption was enhanced possibly by
surface polymerization. These observations imply that As(III) sorption is less impacted
by phosphate in a system and that As(III) might even be a less mobile species in the soils
studied at this BR site. As shown above plant type has a considerable impact on As(III) in
pore water (Fig. 7); As(III) is not impacted by storm pollutant loading (Fig. 8).
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Fig. 8. As and As(III) concentrations in soil pore water by storm loading. Error bars
express the 95% confidence interval for each mean concentration. ANOVAs were
determined using log transformed As and As(III), which passed residuals diagnostics.
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Tukey groupings are expressed with capital letters (for As concentrations) and lower case
letters (for As(III) concentrations).
Effect of plant type and loading interactions
There was no change in As or As(III) concentration with sampling time. Since
time was not a significant effect in the system, it was possible to analyze the interaction
between storm loading and plant type for both As and As(III).
There was no observable effect on pore water As and As(III) among storm
loading treatments for the sedge, cattail, or the unplanted control (Fig 9). Arsenic
solubilization in the rush plantings showed a consistent influence from storm loading
(Fig. 9), with increasing pore water As concentrations from low to high pollutant loading,
but there was no effect on As(III) concentration (Fig. 10). Sunflower was the only plant
type which exhibited differences in both pore water As and As(III) with storm loading
(Fig. 9 and Fig. 10). For sunflower, medium loading resulted in higher As and As(III) in
the pore water than the lowest pollutant loading.
Mains et al. (2006) preformed a laboratory study in which varying phosphate
supplements were administered to tailings and the tailings were incubated to determine
the degree of As mobilization. As anticipated, the batch desorption study showed a linear
relationship between As release and P loading. When Mains et al. (2006) performed a
field study with these tailings, they found that pore water As was mobilized from mine
tailings but the relationship with P loading was not simple. The effect of P on As
mobilization varied to different degrees depending on a combination of plant type and P
supplement, as observed in this study.
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When comparing the As concentration in the pore water for each plant type to the
unplanted control at the low loading rate the concentration of As was higher in the sedge
treatment and lower in the rush treatment (Fig 9). The As and As(III) concentrations of
the sunflower treatments were higher than the unplanted control for the medium and high
pollutant loading treatments (Fig. 9 and Fig. 10). The cattail treatment also resulted in
higher As(III) concentration at the medium loading (Fig. 10). This comparison shows that
for different pollutant loading levels certain plants increased the release of As compared
to the control. Since there is a complicated relationship between pollutant loading and
plant interactions with regard to pore water As, the anticipated pollutant loading appears
to be significant in choosing optimal plant species for a BR system.
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Fig. 9. As concentrations in soil pore water by plant type and storm loading. Error bars
express the 95% confidence interval for each mean concentration. ANOVAs were
determined using log transformed As. Tukey groupings are expressed with capital letters.
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Correlation of As with pore water chemistries
To further investigate which pore water chemical characteristics induced As and
As(III) solubility, pore water correlations were explored. Across all events, As
concentration had a significant correlation (p<0.05) with pH, gluconate, Fe, Mn, Mg, Pb,
NOx-N (nitrate + nitrate-N), sulfate, and As(III) (Table 7). The correlations observed
between As with and Mg, Pb, NOx, and sulfate were significant; however, there is no
literature to support the observation of these correlations.
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Table 7. Pore water As pair-wise significant correlations from data collected through out
the growing season.
Variable
pH
Gluconate
Fe
Mn
Mg
Pb
Sulfate
NOx
As(III)

Correlation
Coefficient
-0.154
0.196
0.253
0.186
0.221
-0.165
-0.183
-0.164
0.78

p-Value
0.0456
0.0171
0.0009
0.0152
0.0037
0.0319
0.0263
0.0341
<0.0001

n
170
148
170
170
170
170
148
168
140

The pH and As correlation generated from data collected in this study shows that
as pH increased the pore water As concentration decreased. The pH is an important
determinant of sorption processes and mineral precipitation/dissolution. In regards to
sorption, pH dictates the charge of mineral surfaces as well as the charge of As(V) and
As(III). Arsenite sorption may not be affected over the pH range of this study; sorption of
As(III) to Fe oxides has been shown to be constant up to approximately pH 9 (Jain and
Leoppert 2000; Grafe et al. 2001; Dixit and Hering 2003). Arsenate sorption should
decrease with increasing pH, but this expected positive correlation between pore water
As concentration and pH was not observed. Instead of sorption onto oxidic minerals, the
negative correlation between pH and As may be due to As sorption onto carbonate
minerals, which have a positive charge in the higher pH range of 7-9 (Sadiq 1997).
Goldberg and Glaubig (1988) observed increased As sorption with pH with a maxima for
As(V) on to calcite at a pH of 10.5.
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Plants acidifying the rooting zone release P from acid soluble minerals (calcium
phosphate) and organic bound P to increase the availability of P for uptake (de Werra et
al. 2009; Giles et al. 2015). Likewise, lower pH would lead to the dissolution of As(V)
compounds, including calcium and iron arsenate, providing a negative correlation
between pH and As. The pH range of pore water collected in this study was 6.21-8.73,
with an average pH of 7.56. Within the pH range of this study oxidic minerals are
generally stable and not vulnerable to dissolution, while carbonate and phosphate
minerals are more soluble. Both sorption to carbonate minerals and precipitation
reactions would explain the inverse relationship of pore water As concentration and pH.
If plants were responsible for acidifying the rooting zone and changing pH there
would be differences in pH among plant types and storm pollutant loading. An ANOVA
on pH showed that the effects of time and storm pollutant loading were both significant
(p<0.0001 and p=0.0358, respectively), while the effect of plant type was not significant
(p=0.0763). Post-hoc testing showed that the first event had a significantly higher pH
than the following events, while the effect of storm water pollutant loading had no clear
impact on pH changes. The negative correlation between pH and As cannot be simply
explained by a single controlling factor of loading, plant type, or time.
Gluconate is a LMWOA typically associated with the rhizosphere microbiome.
Plants are indirectly involved in gluconate production as microbes oxidize exuded plant
glucose producing gluconate (de Werra et al. 2009; Giles et al. 2015). A result of
gluconate production is acidification leading to the solubilization of Ca-phosphate (de
Werra et al. 2009) and organic phosphate (Giles et al. 2015). The solubilization of
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phosphate minerals increases plant available phosphate (de Werra et al. 2009; Giles et al.
2015). Bieleski (1973) reports typical soil pore water inorganic P concentrations of 0.030.15 mg/L usually not exceeding 0.31 mg/L. At GM the pore water phosphate ranged
from 0.08-3.14 mg/L. Thus, the pore water at the GM BR contained orders of magnitude
more P than typical soil pore water. In systems with excess pore water P, gluconate
production for harvesting P would not be necessary. The uptake and protein synthesis for
P liberation slows when new pools of P are discovered in the soil, but since gluconate is
multifunctional it could be produced even in systems high in P (de Werra et al. 2009).
The correlation of gluconate with As would then imply microbial activity, targeted at
environment acidification, resulting in As release in this soil system. This conclusion is
supported by the negative correlation between gluconate and pH (p=0.0073). Both As and
gluconate have a negative correlation with pH; the increase in gluconate accompanied a
decrease in pH correlating with increased As in the pore water, supporting the conclusion
that gluconate may decrease pH leading to the dissolution of acid soluble minerals in the
rooting zone.
This study has been congruent with other studies finding that pore water As
correlates with Fe and Mn (Du Liang et al. 2009; Hossain et al. 2012). In oxidizing
environments As has a high affinity for sorption onto Fe oxides (Brannon and Patrick
1987; Masscheleyn et al. 1991; Reynolds et al. 1999; Fritzsche et al. 2016), while in
strongly reducing environments As precipitates with Fe-S minerals (Burton et al. 2009);
thus Fe and As typically have a positive correlation in soil pore water. Both Fe and Mn
had negative correlations with DO and positive correlations with Fe(II) concentrations

(Appendix C), indicating that redox dissolution, microbially driven, was partially
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responsible for Fe and Mn related As release in the pore water. Du Liang et al. (2009)
attributed the correlation of As with Fe and Mn to the microbial driven reductive
dissolution of Fe and Mn minerals as well, but further conclude that As mobilization
could not be completely explained by the dissolution of soil minerals.
In this study Fe and Mn also correlated negatively with pH and positively with
bicarbonate (Appendix C). This means that, similarly to the relationship found between
As and pH, as the pH decreased the Fe and Mn concentrations increased. Again, in the
range of pH observed over this study oxidic minerals are typically stable. The observed
dissolution of Fe and Mn minerals with decreasing pH is therefore caused by the
weathering of another Fe and Mn mineral pool. In combination with the positive
correlation with bicarbonate this can be taken to indicate dissolution of carbonate
minerals was also partially responsible for Fe and Mn in pore water. And so the
relationship between As and cations such as Fe and Mn can be related to the microbial
reductive dissolution of oxidic minerals and the acid dissolution of acid-soluble carbonate
minerals.
The loading rate also significantly affected the concentration of As in the pore
water, presumably due to phosphate competition. No correlation however was observed
between pore water As and pore water P. The concentrations of As and P are generally
related since arsenate is an analog of phosphate. Phosphate has been shown to compete
with both As(V) and As(III) for sorption sites (Manning and Goldberg 1996a, 1996b). In
the BR system at GM, the excess phosphate added with storm loading could obscure a

47
relationship between As and P. In this study, phosphate was in such an excess that there
may be little to no relationship between As and P because the phosphate would come to
equilibrium with the available sorption sites and then continue to be in excess in the pore
water while there may be sites more specific to As sorption/desorption. In this case there
would be observed changes in As concentrations associated with chemistry relating to
those more specific sorption sites and no relationship discernable by additional phosphate
input.
Arsenite was significantly positively correlated with As, Na, Mg, Fe, acetate,
gluconate, and oxalate across all events (Table 8). While the correlations observed
between As(III) with Na and Mg were significant, there is no literature to support the
observation of these correlations. Unlike As, As(III) is not correlated with pH,
demonstrating the independent sorption behavior of As(III).
Table 8. Pore water As(III) pair-wise significant correlations from data collected
throughout the growing season.
Variable
As
Na
Mg
Fe
Acetate
Gluconate
Oxalate

Correlation
Coefficient
0.780
0.200
0.176
0.349
0.245
0.202
0.208

p-value
<0.0001
0.0177
0.037
<0.0001
0.0056
0.0229
0.0192

n
140
140
140
140
127
127
127

In addition to gluconate, As(III) had positive correlations with oxalate and
acetate. Both oxalate and acetate are common plant root exudates used for both Fe and P

nutrient liberation from soils (Ström 2005). The correlation of oxalate and acetate with
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As(III) and not As may be dependent on sorption relationships. Grafe et al. (2001)
studied the effects of citric acid on the sorption of As(III) and As(V) on α-FeOOH. The
presence of citric acid decreased the amount of As(III) sorption on the α-FeOOH; citric
acid had no effect on of As(V) sorption. This observation was attributed to the relative
strength of the competing acid over the range of pH studied (pH 3-11). Citric acid had a
stronger affinity to the α-FeOOH surface than As(III), causing the competitive sorption of
citric acid over As(III) and increased As(III) in solution. As the system became more
alkaline (pH>8), As(III) was more competitive for sorption surfaces and citric acid had
no effect on As(III) sorption. Citric acid was not consistently detected in the pore water in
this study but the relationships between organic acid functional groups are applicable to
the LMWOA which were detected in this study.
As stated above gluconate had a negative correlation with bicarbonate and pH,
therefore the main mechanism determined for As release by gluconate was linked to
acidification. Oxalate and acetate did not have a negative correlation with alkalinity or
pH indicating that acidification was not the mechanism for mineral dissolution by these
LMWOA. In this study there were positive correlations between oxalate and Fe, Mg, Ca,
and Mn; between acetate and Mg, Ca, and Mn; and between gluconate and Mg, Ca, and
Mn (Appendix C). The correlation between As(III) and various organic ligands, along
with cationic metals, may indicate a combination of sorption and dissolution processes
contributed to the accumulation of As(III) in the BR system at GM. Oxalate and acetate
have been shown to effectively mobilize As from Fe oxides by creating Fe-LMWOA
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complexes promoting the dissolution of the Fe minerals (Ash et al. 2016; Onireti and Lin
2016; Nworie et al. 2017).
The pore water chemistry was one factor producing the accumulation of As(III)
and as established earlier plant detoxification was also likely to increase As(III)
concentrations.
Arsenic Distribution in the Bioretention
System at the End of the Study
By the end of the study the total pollutant loading administered to each of the
treatment bays was equal; the storm frequency dictated the rate at which pollutants were
loaded to treatments (Table 5). Samples of pore water, soil, and plant tissue were
analyzed to assess the main effects of storm frequency and plant type on As distribution
within stormwater BR systems. The analysis of all media provides a measure of arsenic
pools in the system that can be used to compare the arsenic lability by main effect in BR
systems. Due to limitations in project resources the scope of the analysis for the last event
was narrowed to only look at three plant treatments (sedge, cattail, and rush) with the
unplanted control, and only the low and high storm frequency treatments.
Pore Water
An ANOVA of As and As(III) concentration in the pore water, AsPW (p=0.0190)
and As(III)PW (p=0.0020), from the last event, showed that plant type was significant
(Fig. 11). However post-hoc testing using Dunnett’s showed that AsPW of the sedge,
cattail, and rush treatments were not significantly different from the control. The sedge
plant treatment resulted in elevated As(III)PW compared with the unplanted control. Storm

loading had no significant effect on AsPW (p=0.1006) and As(III)PW (p=0.1845). These
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results contrast with the post-hoc testing of pore water collected through out all events
using Tukey’s HSD (Fig. 7 and Fig 8). Analysis of the effect of plant type and loading on
pore water concentration for the final sampling event was reported for comparison to soil
and plant processes that were only collected at the end of the study. Results displayed in
Fig 7 and Fig. 8 are representative of the sampling across the entire study and are more
representative of rhizosphere processes than indicated by this last sampling event.
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Fig. 11. End of study AsPW and As(III)PW. The average pore water concentration is
plotted with 95% confidence interval error bars. ANOVAs were determined using log
transformed As and As(III). Groups statistically different from the control by a Dunnett
test are indicated by an asterisk.
Soils
The soil mixture collected before the study did not have sufficient replication to
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determine if the AsT pre-study (8.47 mg/kg, Table 3) was the same as the AsT post-study.
However, the AsT pre-study fell within the range of concentrations observed in soils
collected after the study (Fig 12). This indicates that over the course of the study arsenic
did not accumulated or diminish in the soils.
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Fig. 12. AsT by plant type. Error bars represent the 95% confidence interval. The
ANOVA was determined with a log transformation. Groups statistically different from
the control by a Dunnett test are indicated by an asterisk.
The AsT, as determined by an independent digestion, did vary by plant type. The
AsT for the sedge and rush treatments was the same as the unplanted control (Fig. 12).
The AsT in the cattail treatment was higher than the control (p<0.0050). No additional
inputs of As occurred in this study. The concentration of As used in the synthetic storm
application ranged from below detection to 4 μg/L. There was no discernable reason for
elevated As concentrations in the cattail treatment though they may have been related to
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soil microsites enriched in As. Spatial and temporal variability of the soil media may also
account for the difference in AsT among planted treatments.
The AsT of the unplanted control, sedge, and rush fell within typical
uncontaminated soil concentrations of As (5-15 mg/kg) (Smedley and Kinniburgh 2013),
while the AsT of the cattail was slightly higher. Mains et al. (2006) looked at tailings with
As concentrations (1000-1650 mg/kg), two orders of magnitude larger than GM soils.
The pore water As concentrations observed at GM however were similar to pore water
concentrations observed in the field lysimeters of Mains et al. (2006). This proves the
total concentration of As in a soil is not a good predictor of As solubilization.
The highest percent of AsT was associated with the AsF2 (Fig. 13) and AsF4 (Fig.
13) soil fractions. AsF2 across all treatments ranged from a minimum of 0.43 mg/kg and a
maximum of 9.58 mg/kg and AsF4 across all treatments ranged from a minimum of 1.79
mg/kg to a maximum of 16.85 mg/kg. The fraction with the lowest concentration of As
was the AsF8, with a range across all treatments of 0.13 mg/kg to 0.49 mg/kg. Conversely,
Meng et al. (2017) studied vadose zone soils at another site in the center of Cache Valley
with different geology and found over 50% of the AsT was associated with the more
recalcitrant amorphous Fe oxides (AsF5), crystalline sulfides (AsF6), crystalline Fe oxides
(AsF7), and residual fractions (AsF8). Huang and Kretzschmar (2010) sequentially
extracted five soils collected from diverse environments from a permanently anoxic
wetland soil to a well-drained forest soil. Huang and Kretzschmar (2010) found anywhere
from 15% AsT associated with the more recalcitrant fractions of a non-flooded floodplain
soils to 65% of the AsT associated with the more recalcitrant fractions of soils found in

wetlands. For the soils at GM, only 19-32% of the AsT was associated with these more
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recalcitrant fractions (Fig. 13). Soils with higher concentrations of As associated with the
labile mineral fractions have greater potential for As mobilization from mineral fractions
vulnerable to changes in soil chemistry.
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Fig. 13. The percentage of AsF1, AsF2, AsF3, AsF4. AsF5, AsF6, AsF7, and AsF8 associated
with each soil by plant type.
The plant type affected the AsF1 (p=0.0042) (Fig. 14), AsF2 (p=0.0349) (Fig. 15),
AsF3 (p=0.0083) (Fig. 16), and AsF8 (p=0.0209) (Fig. 17) fractions of the soil (AsF4, AsF5,
AsF6, and AsF7 are displayed in Appendix D). Sedge had higher AsF1 (Fig. 14), AsF2 (Fig.
15), and AsF3 (Fig. 16) compared to the unplanted control. Biogeochemical processes in
the rooting zone of sedge increased As association with mineral fractions related to

competitive sorption and more soluble pools of As in the soil compared to the control.
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The cattail treatments had significantly higher AsF3 and AsF8 fractions compared to the
control (Fig. 16 and Fig. 17). Though the AsF3 and AsF8 of the cattail reflect the higher
concentration of AsT associated with this soil, other soil fractions contribute more
significantly to the AsT concentration (Fig 13).
A Pearson’s correlation showed that the AsPW correlated with the AsF1 (Appendix
E). This study was able to show a relationship between AsPW and the exchangeable soil
fraction which is vulnerable to changes in pore water chemistry and competing anions.
No other soil fraction correlated with the AsPW.
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Fig. 14. The average AsF1 by plant type. Error bars represent the 95% confidence
interval. The ANOVA was determined using the untransformed data. Groups statistically
different from the control by a Dunnett test are indicated by an asterisk.
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Fig. 15. The average AsF2 by plant type. Error bars represent the 95% confidence
interval. The ANOVA was determined using a untransformed data. Groups statistically
different from the control by a Dunnett test are indicated by an asterisk.
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Fig. 16. The average AsF3 by plant type. Error bars represent the 95% confidence
interval. ANOVAs were determined using an inverse 0.35 transformation as

recommended using a box-cox transformation analysis. Groups statistically different
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from the control by a Dunnett test are indicated by an asterisk.
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Fig. 17. AsF8 by plant type. Error bars represent the 95% confidence interval. The
ANOVA was determined with a log transformation. Groups statistically different from
the control by a Dunnett test are indicated by an asterisk.
Analysis of the As species concentrations in the fractions F1-F3 of the soil
indicated that both the plant type and storm frequency had a significant effect on
speciation. As(III)F1 dominated the percentage of AsF1 in the planted treatments (ranging
from 52%-87%), while As(V)F1 dominated in the unplanted control (14% As(III)F1) (Fig.
18). The sedge had higher As(III)F1 concentrations than the unplanted control (p=0.0034),
although but there was no difference in the As(III)F1 associated with the other plant types
(rush and cattail) (Fig. 18). The concentration of As(V) associated with the exchange
sites was not affected by plant treatment (Fig. 18). Additionally the As(III)PW was
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correlated to the AsF1 (p=0.0188) as well as the As(III)F1 (p=0.0062) (Appendix E). This
indicates that the sedge rooting zone processes encourage the accumulation of As(III) on
exchange sites in the soil.

4

*

As(V)

As(III)

As (mg/kg)

3
2
1
0

sedge

cattail

rush

control

Fig. 18. As(V)F1 and As(III)F1 by plant type. Error bars represent the 95% confidence
interval. ANOVAs were determined using log transformed As(V)F1 and log transformed
As(III)F1. Groups statistically different from the control by a Dunnett test are indicated by
an asterisk.
The As(III)F2 (Fig. 19) was higher in the sedge and cattail plant treatments in
comparison with the unplanted control (p=0.0177). The percentage of As(III)F2 in the
planted treatments ranged from 43%-55% and in the unplanted control As(III)F2 made up
only 23% of the AsF2.This may be an indication that the plant processes of the sedge and
cattail shifts the speciation of As to As(III), which then sorbs/precipitates with carbonate
minerals. This is further supported by the correlation between As(III)F2 and As(III)PW
(p=0.0079) (Appendix E.). According to the ANOVA for the As(V)F2, plant type was a

significant effect (p=0.0265). Post-hoc testing using Dunnett’s showed however no
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statistical difference between any particular plant type and the unplanted control.
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Fig. 19. As(V)F2 and As(III)F2 by plant type. Error bars represent the 95% confidence
interval. ANOVAs were determined using untransformed As(V)F2 and As(III)F2. Groups
statistically different from the control by a Dunnett test are indicated by an asterisk.
In the F3 and F4 soil fractions As(V) was the dominant species of As. In AsF3, the
percentage of As(III)F3 was only 2%-5% (Fig. 20) while in AsF4 the percentage of
As(III)F4 was 1%-5% (Appendix D) (data handled in accordance with the methods
outlined in the statistical analysis section of the materials and methods). Huang and
Kretzschmar (2010) and Meng et al. (2017) saw similar percentages of As(V) species in
these fractions. The sedge treatment resulted in a higher concentration of As(V)F3
compared to the control (p=0.0283). The F3 fraction reflects the pool of arsenic
associated with organics.
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Fig. 20. As(V)F3 and As(III)F3 by plant type. Error bars represent the 95% confidence
interval. ANOVAs were determined using log transformed As(V)F3 and untransformed
As(III)F3. Groups statistically different from the control by a Dunnett test are indicated by
an asterisk.
At the last sampling event, storm loading did not have a significant effect on the
AsPW or AsT. When the soil was sequentially extracted, the storm loading was found to
have had no effect on the total amount of As associated with any of the soil fractions.
However, the speciation of As in soil fractions was influenced by storm pollutant loading
for As(III)F1 (p=0.0177) and As(III)F3 (p=0.0351). The higher storm loading treatment
resulted in higher As(III)F1 and As(III)F3 (Fig. 21 and Fig. 22). This indicates that the
higher storm loading led to increased As(III) on exchangeable surfaces and accumulation
in the organics fraction. The organics fraction had very low concentrations of As(III)
overall (2-3% of the total As in F3).
This study shows that higher pollutant loading increased the relative amount of
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As(III)F1 to 80% in comparison to the lower pollutant loading which had 52% As(III)F1.
Since there was no difference in the AsF1 by pollutant loading, the shift in speciation from
As(V) to As(III) in the exchangeable fraction indicates that As(V) is reduced to As(III) at
the higher stormwater pollutant loading. Since there is no direct relationship between As
and redox processes, the shift in As species is attributed to plant related efflux interacting
with pollutant loading. This shift in speciation is potentially reflected in higher uptake of
As in plant tissue at higher pollutant loading rates, as described in the following section.
Higher uptake then would lead to more efflux of As(III) as a plant detoxification
mechanism.
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Fig. 21. As(V)F1 and As(III)F1 by storm loading treatments. Error bars represent the 95%
confidence interval. ANOVAs were determined using log transformed As(V)F1 and
As(III)F1. Tukey groupings are expressed using capital letters for As(V) and lower case
letters for As(III).
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Fig. 22. As(V)F3 and As(III)F3 by storm frequency treatments. Error bars represent the
95% confidence interval. ANOVAs were determined using log transformed As(V)F3 and
untransformed As(III)F3. Tukey groupings are expressed using capital letters for As(V)
and lower case letters for As(III).
Plant Tissue
The plant tissue was separated and analyzed as two distinct pools: the above
ground tissue (AG) and the below ground tissue (BG) (Figure 23 and Fig. 24). In
Borecki’s study (Borecki 2015) sedge and sunflower accumulated approximately 1.25
mg/kg AsAG and cattail accumulated approximately 0.5 mg/kg AsAG. The sedge results
from this study were more than twice as high as the results seen in Borecki (2015) (Fig.
23A). However the AsAG of sedge seen in this study are not nearly as high as the AsAG
seen associated with other Carex genus plants (Table 9) (Stoltz and Greger 2002; Dwyer
and Rofkar 2011). Previously rush has not been studied at the GM BR. Craw et al. (2007)
and Rahman et al. (2014) have recorded AsAG in Juncus genus plants ranging from 3
mg/kg up to 111 mg/kg (Table 9). Though these studies show AsAG in Juncus can be less
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than 10 mg/kg, these observations are still more concentrated than the AsAG observed in
the rush treatment in this study (0.66 mg/kg).
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Fig. 23 A. Shows the AsAG concentrations by plant type, B. Shows the AsAG
concentrations by storm loading, C. Shows the AsBG concentrations by plant type, D.
Shows the AsBG concentrations by storm loading. Error bars represent the 95% CI
interval. The ANOVA for AsAG were preformed with a log transformation. Tukey
groupings are displayed above the bars using capital letters.
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Fig. 24. A. Shows the PAG concentrations by plant type, B. Shows the PAG concentrations
by storm loading, C. Shows the PBG concentrations by plant type, D. Shows the PBG
concentrations by storm loading. Error bars represent the 95% CI interval. The ANOVA
for PAG were preformed with a squared transformation. Tukey groupings are displayed
above the bars using capital letters.
The amount of AsAG was correlated to the PAG (p=0.0011) (Appendix E). There
were differences in the AsAG and PAG by plant type (p<0.0001) (Fig. 23A and Fig. 24A).
The AsAG also showed differences based on pollutant loading (p=0.0027), with increased

As at higher pollutant loading (Fig. 23B). Arsenate, as an analog of phosphate, uses the
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same pathways for plant uptake as phosphate, while arsenite uptake by plants is
conducted through aquaporins and the accumulation of arsenite in plant tissue is
regulated by silicon transporters (Zhao et al. 2010). Sedge took up more As (3.83 mg/kg)
and phosphate (3587 mg/kg) than the other test plants in this study (Fig. 24A).
Table 9. Summary of As concentrations (mg/kg) observed in plants from other studies.
Plant type
Carex (sedges):
Carex deweyana
Carex microptera
Carex rostrata
Carex stricta

AsAG

AsBG

1.3
3.8±1.6b
5.7
20

7
23±22b
27
61-110

Borecki (2015)
Current study (Fig. 23)
Stoltz and Greger (2002)
Dwyer and Rofkar
(2011)

Juncus (rushes):
Juncus articulatus
Juncus balticus
Juncus effusus
Juncus effusus

70-111
0.7±0.5b
3.0-6.4
3.5-3.8

- a
8.9±10b
- a
90-315

Craw et al. (2007)
Current study (Fig. 23)
Craw et al. (2007)
Rahman et al. (2014)

Typha (cattail):
Typha latifolia
Typha latifolia

0.5
0.3±0.1b

12
4.5±5.1b

Borecki (2015)
Current study (Fig. 23)

a
b

Study

Averages ± 95% Confidence intervals.
Craw et al. (2007) did not report AsBG.

Generally, phosphate is preferentially transported into plant tissue over arsenate
and the presence of phosphate decreases the uptake of arsenic in plants (Meharg and
Mcnair 1994). Interpreting Meharg and Mcnair (1994) in the context of this study, higher
P loading would be expected to result in lower AsAG and conversely systems with lower P
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loading should result in higher AsAG. This study has shown that in systems with frequent
and low input of P the AsAG was lower than the treatment with less frequent higher P
loading (Fig. 24B). This conclusion is contrary to Meharg and Mcnair but confirmed by
the observations of Creger and Peryea (1994). Similarly to GM, Creger and Peryea
(1994) noted plant uptake of As was enhanced by phosphate fertilizer additions. It should
also be noted that at the end of this study the total P loading was equal among all storm
pollutant loading regimes (Fig. 24B). The uptake of As is then specifically linked to the
concentration of P application.
Wei et al. (2006) studied the correlation of As with major nutrients in the fronds
of Pteris vittata at two different sites and found that at one site the frond P and As
correlated, while at the other site no correlations were found between As and P. High
concentrations of phosphate were theorized to precipitate in the rooting zone, leading to a
lack in correlation between As and P. Wei et al. (2006) demonstrated that finding
connections between plant uptake and plant nutrients may be complicated by differences
in soils and field conditions.
Since phosphate was added in the pollutant loading mixtures so that at the end of
the study the total mass of P applied to each treatment was equal, the total available
phosphate in the soils at the end of the study should be the same among stormwater
pollutant loading treatments. The Olsen-P, which is the bioavailable phosphorous in the
soil, was significantly different by plant type (p=0.0268) and not pollutant loading
(p=0.1511). Post-hoc testing however showed that there was not a statistical difference
between Olsen-P concentrations observed in plants versus those in the unplanted control.

The AsBG was elevated compared to the AsAG (Fig. 23C and 23D). Mains et al.
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(2006), Xu et al. (2007), Zhao et al. (2010), and Borecki (2015) confirm observations of
significantly higher AsBG than AsAG. There was no difference in BG As concentrations
(AsBG) for the main effects of plant type and storm frequency (Fig. 23C and 23D).
The bioaccumulation factor (BF) (Eq. 2) and translocation factor (TF) (Eq. 3)
were calculated for each plant type and pollutant load. BF was significantly different by
both plant type (p<0.0001) (Table 10) and storm loading (p=0.0046) (Table 11). There
was no significant difference between plant type (p=0.1678) (Table 10) or pollutant
loading (p=0.9112) (Table 11) for the TF. This means that though plant types were able
to accumulate As from the soil to different degrees, the translocation of As from BG to
AG tissue was equal among all plants. The BF was impacted by the storm pollutant
loading which may indicate that the pollutant loading played a role in enhancing plant
accumulation of As from the soil.
BF =
TF =

AsAG

(2)

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

(3)

𝐴𝐴𝐴𝐴𝑇𝑇

𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵

The difference in BF might reflect plant oxygenation of the rooting zone.
Typically plants that oxygenate rooting zones are adapted to soil flooding. Plants such as
wetland plants and rice have been shown to translocate oxygen to the rooting zone. Syu et
al. (2013) studied O. sativa L. cv Tainung 67 which introduced oxygen into the rooting
zone and developed Fe oxide plaques around roots which sorbed As that was released
from the soil, thus limiting plant uptake of As. Iron oxide plaques or films have been

associated with plants of the Helianthus, Typha, and Juncus genuses (Blute et al. 2004;
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Neubauer et al. 2007; Neidhardt et al. 2015).
Table 10. Bioaccumulation and translocation factors by plant type observed at GM with
the 95% confidence intervals. Tukey groupings are indicated by capital letters for BF and
lower case letters for TF.
Plant type

Bioaccumulation
factor

Translocation
factor

sedge

0.28±0.22 A

0.48±0.30 a

cattail

0.01±0.00 C

0.18±0.14 a

rush

0.05±0.02 B

0.10±0.09 a

Table 11. Bioaccumulation and translocation factors by pollutant loading observed at
GM with the 95% confidence intervals. Tukey groupings are indicated by capital letters
for BF and lower case letters for TF.
Pollutant
loading

Bioaccumulation
factor

Translocation
factor

low

0.05±0.03 A

0.26±0.17 a

high

0.18±0.17 B

0.25±0.21 a

The formation of plant-mediated iron oxides in the rooting zone is highly
dependent on the physiological ability of flood-adapted plants to release oxygen into the
rooting zone. In a study by Wiebner et al. (2002b) the highest oxygen release rates from

the roots of Typha latifolia and Juncus effusus were recorded to coincide with an Eh of
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approximately -200 mV. Plant roots have been observed to continue to release oxygen
into the rooting zone even in oxidizing Eh ranges (>200 mV) (Wiebner et al. 2002a;
Wiebner et al. 2002b). The pore water collected at GM through-out the study had an Eh
that ranged from 16 mV – 429 mV. Syu et al. (2013) additionally observed the formation
of Fe oxide plaque was vulnerable to lower redox potential associated with soil organic
matter and the dissolution of the plaque. Syu’s observations reflect a complex
relationship between plants and their environment, and the manipulations plants are
capable of making in order to regulate As uptake. The possible precipitation of Fe on root
surfaces may have limited the uptake of As by plants in this study. Although there was no
observation of Fe plaque in this study, restriction of As uptake caused by Fe plaque may
explain the lower BF for cattail and rush compared to the sedge.
Groundwater
Groundwater was collected through-out the study to evaluate pollutant migration
to the water table. Arsenic concentrations in the groundwater (1.79-102 μg/L) were
significantly lower than As concentrations in the rooting zone pore water (8.79-2,040
μg/L). Since chloride is a conservative anion, it can be used to evaluate the connection
between the pore water and groundwater. A Pearson’s correlation showed that there was
no relationship between the chloride concentration in the pore water and the groundwater
(p=0.7981). This shows that there is limited direct connection between the rooting zone
and groundwater systems at the measurement locations at this site. Pore water from the
rooting zone potentially has a complex pathway for groundwater recharge. The depth of
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top-soil was approximately 23 cm. The groundwater was below a clay layer and collected
from a screened well that spanned 61-91 cm deep. This study was not able to definitively
conclude whether or not the pore water As posed a risk to the groundwater since there
was no connection between the pore water and groundwater samples. In order to evaluate
the risk of As release from BR to the groundwater, wells would need to be placed up and
down gradient of the BR to determine if an increase in As concentrations occurred
between the wells which would indicate a contribution from this BR system.

CONCLUSIONS
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Biogeochemical conditions that develop within the BR systems at GM enhanced
solubilization of As from geogenic sources as evident in increased As and As(III) in pore
water that was affected by plant type and loading regime. Plant type and loading also
resulted in redistribution of As across soil mineral phases and altered uptake of As into
the plants. The two hypotheses of this study, 1) plants processes and 2) pollutant loading
influence As biogeochemistry, were tested. Through analysis of As species in pore water,
soil solid phases, and plants both factors were found to have significant effects. The
following discussion explores processes that occur within this BR system.
Plant type had a significant effect on As and As(III) concentrations observed in
pore water. Higher As and As(III) concentrations were observed in the pore water for
sedge, sunflower, and cattail plantings compared with the unplanted control and rush
treatments. This coincided with higher total As and As(III) concentrations associated with
the exchange sites and carbonate minerals, determined by sequential extraction, for sedge
and higher As(III) concentrations associated with carbonate minerals for cattail. The
increased As(III) concentration was attributed to plant detoxification of As(V) by
reduction in-planta and efflux of As(III), resulting in increased As(III) in the pore water
and associated with the soil minerals (Fig. 25, green arrows). The persistence of As(III)
in the BR systems can be attributed to the slow redox kinetics of As, the formation of
As(III)-Fe-LMWOA complexes, and the sorption of As(III) to exchange sites in the soil
and associated with carbonate minerals.
Pollutant loading had an effect on the pore water As concentrations but not the

As(III) concentrations. The medium and high pollutant loading rates resulted in higher
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pore water As concentrations than the low pollutant loading rate. When the loading rates
were evaluated across plant type there were statistically significance differences among
the various treatment combinations. This implies that the pollutant loading into a BR
system is a significant factor in plant choice. There were however no discernible patterns
of interaction between plant type and loading to make specific recommendations. The
unplanted control showed no significant differences in pore water As concentrations with
pollutant loading, indicating that the pollutant loading effect appeared to be reliant on the
presence of plants. Pollutant loading influenced the bioaccumulation of As into plant
tissue. At a higher pollutant loading rate more As was accumulated in plant tissue and the
bioaccumulation factor increased. Higher pollutant loading was also linked to an
increased proportion of As(III) on exchange sites. Since plant uptake of As(V) was
important for plant efflux of As(III), phosphate loading in particular indirectly affected
the As(III) in the system by mobilizing As(V) through competitive sorption increasing
the bioavailability of As(V) for plant uptake.
Sedge had a higher AsAG and BF than any other plant type tested. However, the
uptake of As by sedge also increased As solubility in the rhizosphere. In a BR scenario
with mixed pollutant loading rates, while sedge is considered suitable for the removal of
stormwater contaminants, rushes seem to be better at minimizing As solubilization. Rush
proved to be a suitable candidate for use in BR systems; the pore water As concentrations
were lowest in the presence of rush compared with the other test plants when evaluating
the effects of plant type alone. More specific guidance on plant selection for particular
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pollutant loading regimes was acquired by statistics on the interaction between plant type
and pollutant loading. At the lowest pollutant loading rate there were significant
difference among plant types, where the rush treatment preformed the same as the
unplanted control and the sedge treatment resulted in the highest pore water As
concentrations. At the medium and high pollutant loading rates there were no differences
among plant types. This further shows that plant selection for BR should take into
consideration pollutant loading. Further analysis of data from this site will be needed to
determine if rush is also suited to remove incoming stormwater pollutants.
Correlations provided some additional insights into the possible mechanisms
controlling pore water As and As(III) chemistry in the BR systems at GM. The pH played
a significant role in As retention. In the pH range of this study As(V) was affected by
competitive sorption (Fig. 25, yellow arrows) and dissolution of acid soluble minerals
(Fig. 25, blue arrows) due to the acidification of the rooting zone (de Werra et al. 2009).
The release of arsenic was further correlated to Fe and Mn in the pore water. The
relationship between As with Fe and Mn was attributed to microbial reductive dissolution
of oxidic and Fe and Mn carbonate minerals (Fig. 25, red arrows).
Arsenite was not correlated with pH. Over the range of pH in this study As(III)
sorption was unaffected by pH changes, as demonstrated in the literature. In addition to a
correlation with gluconate, As(III) also correlated with LMWOAs acetate and oxalate.
Unlike gluconate, acetate and oxalate concentrations were not related to pH. The
mechanism of As release due to acetate and oxalate was instead related to competitive
sorption (Grafe et al. 2003) (Fig. 25, purple arrows) and chelation of soil minerals (Ash et

al. 2016; Onireti and Lin 2016; Nworie et al. 2017) (Fig. 25, orange arrows).
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Future studies should be done to determine other suitable plant types targeted at
stormwater pollutant removal while minimizing As solubilization. As Cache Valley
becomes increasingly urbanized, understanding the mobilization of As from native soils
activated by stormwater runoff in BR systems is urgent. This research has improved the
understanding of As in BR systems by showing that both plant type and pollutant loading
play a significant role in As mobility in BR systems.
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Fig. 25. Possible mechanisms responsible for As concentrations in the BR system at GM.
The yellow arrows correspond to As concentrations relating to desorption chemistry.

Purple arrows are specific to As(III) sorption and desorption. The green arrows
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correspond to plant uptake and efflux of arsenic in the system. Blue arrows represent
processes relating to the dissolution of oxide and carbonate minerals by acidification.
Orange arrows represent the chelation of oxidic and carbonate minerals. Reductive
dissolution of oxidic minerals is represented using red arrows. Black arrows represent
additional dissolution processes resulting in solubilized metals.

ENGINEERING SIGNIFICANCE
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To secure water quality in the future stormwater treatment needs to be examined
in the context of native soils with geogenic As to avoid the unintended consequences of
manipulating the natural environment resulting in contamination of waterways. For future
engineering designs, consideration of the physical and chemical soil characteristics used
in BR systems may prevent As mobilization. This research has improved the
understanding of As in BR systems and can be used to establish testing methods for
identifying suitable soils and guide decisions on plant choices used in BR systems.
In BR systems, the acid soluble minerals and oxidic minerals, which are typically
thought of as more recalcitrant pools of As, are a possible source of As mobilization.
Pore water observations and literature confirm this conclusion; however, the sequential
extractions of the soils were not discrete enough to provide supporting evidence. Further
research in a more controlled greenhouse setting would help to improve the
understanding of the sources and sinks of As in BR systems. Arsenic solubilization is
initiated by desorption of As(V) by competitive P adsorption or by dissolution of As
containing minerals. The main mechanism of As(III) accumulation is As(V) uptake and
in-planta reduction followed by efflux of As(III) into the environment. Consideration of
the specific pollutant loading at each site location and plant type can minimize the
solubilization of As.
The analysis of interactive effects on pore water concentrations showed that the
effect of storm pollutant loading was exacerbated by plant treatments. Considering the
implications of this observation, the pollutant loading specific to a BR system may be

important for the selection of plant type since there is a complicated interactive effect
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between plant type and pollutant loading.
Although rush plant treatments resulted in similar pore water As concentrations as
the unplanted control under low loading conditions, under high loading, conditions more
likely to occur in Northern Utah during active plant growth, the pore water As
concentration was not affected by plant type. Sedge took up the most As in the above
ground tissue. Harvesting of this tissue for the removal of nutrients and As from the BR
system is required for management of pollutants. Mixtures of plants potentially display a
variety of mechanisms in the processing and uptake of nutrients. In areas of high As,
using a mixture of plants may be a strategy for optimizing the effectiveness of BR
systems while regulating As release. Future research may find other plants that are useful
for management of nutrients without the unintended consequence of As mobilization.
Soil choices should be guided by the amount of As associated with carbonate
minerals and amorphous Mn and Fe oxides. Previous research on the interactions
between LMWOA and Fe oxides suggest that additional Ca and manipulation of the
system pH may mitigate As release from BR systems (Onireti and Lin 2016). Bench top
experiments using site-specific candidate soils for BR systems should be tested to
determine the effects of Ca additions and pH changes on resulting As pore water
concentrations.
Both plant type and storm pollutant loading had a significant effect on the BR
system. The complexity of this system made identifying the sources and sinks of As
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difficult. The research at GM is a step forward in understanding As release in BR systems
and can be used to engineer BR system with minimal As release.
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During site evaluation in spring 2018 the planted bays were cataloged by Michael
Piep with the Intermountain Herbarium. This was done to record the plant types in the
naturally seeded and dewey sedge mix bays. During this evaluation it was decided that
the plant mixtures in the dewey sedge mixed bays were variable and the study would not
proceed with them. The bays designated for inland saltgrass were determined to be
misidentified and instead planted with quackgrass (Elymus repens (L.) Gould), a noxious
weed. Bays which were naturally seeded and contained a mixture of dewey sedge had
inconsistent soil with the other plant treatments. Synthetic storms were still applied to the
naturally seeded and quackgrass treatments and samples for porewater and groundwater
were still collected throughout the summer. Data analysis was restricted to treatments
planted with small-winged sedge, Maximillian sunflower, broad-leaf cattail, Baltic rush,
and the unplanted control.
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The following figures show the schedule of stormwater treatment applications and
pore water sampling dates.

SUNDAY

MONDAY

JUNE 2018

TUESDAY

28

27

29

WEDNESDAY

THURSDAY

30

6

31

FRIDAY

SATURDAY

1

2

7

8

9

3

4

5

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27
water high storm
frequency, pull
vacuums

28
water medium storm
frequency, collect high
storm frequency
samples, pull vacuums

29
water low storm
frequency, collect
medium frequency
samples, pull
vacuums

30
collect low storm
frequency samples

Fig. B-1. The June 2018 schedule for synthetic storm application and sample collection.
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SUNDAY

MONDAY

1

2

8

TUESDAY

JULY 2018

WEDNESDAY

THURSDAY

FRIDAY

SATURDAY

3
4
water high storm
collect high storm
frequency, pull vacuums frequency samples

5

6

7

9
10
11
water high storm
water medium storm
collect low storm
frequency, pull vacuums frequency, collect high frequency samples
storm frequency
samples, pull vacuums

12

13

14

21
water high storm
frequency, pull vacuums

15
16
water high storm
collect high storm
frequency, pull vacuums frequency samples

17

18

19

20

22
water medium storm
frequency, collect
high storm frequency
samples, pull vacuums

23
water low storm
frequency, collect
medium frequency
samples, pull
vacuums

24
collect low storm
frequency samples

25

26

27
28
water high storm
collect high storm
frequency, pull vacuums frequency samples

29

30

31

1

2

3

4

Fig. B-2. The July 2018 schedule for synthetic storm application and sample collection.
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SUNDAY

MONDAY

TUESDAY

29

30

31

5

6

7

12

13

19

AUGUST 2018
WEDNESDAY

1

26
27
28
water high storm
water medium storm
collect medium storm
frequency, pull vacuums frequency, collect high frequency samples
storm frequency
samples, pull vacuums

FRIDAY

SATURDAY

2
3
4
water high storm
water medium storm
collect medium storm
frequency, pull vacuums frequency, collect high frequency samples
storm frequency
samples, pull vacuums

8
9
water high storm
collect high storm
frequency, pull vacuums frequency samples

14
15
water high storm
water medium storm
frequency, pull vacuums frequency, collect high
storm frequency
samples, pull vacuums

20
21
water high storm
collect high storm
frequency, pull vacuums frequency samples

THURSDAY

16
water low storm
frequency, collect
medium frequency
samples, pull
vacuums

10

17
collect low storm
frequency samples

11

18

22

23

24

25

29

30

31

1

Fig. B-3. The August 2018 schedule for synthetic storm application and sample collection.
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SUNDAY
26

2
collect high storm
frequency samples

9
water low storm
frequency, collect
medium frequency
samples, pull vacuums

SEPTEMBER 2018

MONDAY

TUESDAY

WEDNESDAY

THURSDAY

FRIDAY

28

29

30

3

4

5

6

11

12

13

14

15

10
collect low storm
frequency samples

31

SATURDAY

27

1
water high storm
frequency, pull vacuums

7
8
water high storm
water medium storm
frequency, pull vacuums frequency, collect high
storm frequency
samples, pull vacuums

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Fig. B-4. The September 2018 schedule for synthetic storm application and sample collection.
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Appendix C.

The following table is the correlation matrix for data collected from all synthetic
storm events.

Parameter 1

Pearson
Correlation
Coefficients
Parameter 2

Prob > |r| under H0:
ρ=0
Number of Observations

Fig. C-1. Diagram for reading the correlation matrix.

Table C-1 Correlation matrix for all coinciding pore water samples.
Mg (mg/L)
Mg (mg/L)
Ca (mg/L)
Mn (µg/L)
Fe (µg/L)
Gluconate
(mg/L)
oxalate
(mg/L)
HCO3- M
pH
DO (mg/L)

1
170
0.59623
<.0001
170
0.3523
<.0001
170
0.30297
<.0001
170
-0.21874
0.0076
148
0.22817
0.0053
148
0.61956
<.0001
148
-0.102
0.1857
170
-0.12949
0.0924
170

Ca (mg/L)
0.59623
<.0001
170
1
170
0.53495
<.0001
170
0.1714
0.0254
170
-0.42649
<.0001
148
0.14888
0.0709
148
0.71582
<.0001
148
-0.07908
0.3053
170
-0.17042
0.0263
170

Mn (µg/L)
0.3523
<.0001
170
0.53495
<.0001
170
1
170
0.29703
<.0001
170
-0.29827
0.0002
148
0.251
0.0021
148
0.35359
<.0001
148
-0.21117
0.0057
170
-0.2414
0.0015
170

Fe (µg/L)
0.30297
<.0001
170
0.1714
0.0254
170
0.29703
<.0001
170
1
170
0.10094
0.2222
148
0.29213
0.0003
148
0.18622
0.0234
148
-0.29075
0.0001
170
-0.15303
0.0463
170

Gluconate
(mg/L)
-0.21874
0.0076
148
-0.42649
<.0001
148
-0.29827
0.0002
148
0.10094
0.2222
148
1
151
0.19489
0.0165
151
-0.29734
0.0002
148
-0.21811
0.0073
150
-0.03346
0.6844
150

oxalate
HCO3- M
(mg/L)
0.22817
0.61956
0.0053
<.0001
148
148
0.14888
0.71582
0.0709
<.0001
148
148
0.251
0.35359
0.0021
<.0001
148
148
0.29213
0.18622
0.0003
0.0234
148
148
0.19489
-0.29734
0.0165
0.0002
151
148
1
0.10849
0.1893
151
148
0.10849
1
0.1893
148
149
-0.15089
0.11909
0.0653
0.148
150
149
-0.10821
0.01568
0.1875
0.8494
150
149

pH
-0.102
0.1857
170
-0.07908
0.3053
170
-0.21117
0.0057
170
-0.29075
0.0001
170
-0.21811
0.0073
150
-0.15089
0.0653
150
0.11909
0.148
149
1
177
0.40511
<.0001
177

DO (mg/L)
-0.12949
0.0924
170
-0.17042
0.0263
170
-0.2414
0.0015
170
-0.15303
0.0463
170
-0.03346
0.6844
150
-0.10821
0.1875
150
0.01568
0.8494
149
0.40511
<.0001
177
1
177

Fe(II)
(mg/L)
0.04321
0.5804
166
0.12177
0.1181
166
0.18108
0.0196
166
0.25143
0.0011
166
0.00673
0.9353
148
0.04281
0.6055
148
0.00319
0.9695
146
-0.222
0.0034
172
-0.12036
0.1158
172
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Mg (mg/L)
Fe(II)
(mg/L)

0.04321
0.5804
166

Ca (mg/L)
0.12177
0.1181
166

Mn (µg/L)
0.18108
0.0196
166

Gluconate
(mg/L)
0.25143
0.00673
0.0011
0.9353
166
148

Fe (µg/L)

oxalate
HCO3- M
(mg/L)
0.04281
0.00319
0.6055
0.9695
148
146

pH
-0.222
0.0034
172

DO (mg/L)
-0.12036
0.1158
172

Fe(II)
(mg/L)

1

174

96
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Appendix D.

This appendix displays the AsF4, AsF5, AsF6, and AsF7 by plant type in a graphical
representation.
11.0

Total As

10.0
9.0

As (mg/kg)

8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

sedge

cattail
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Fig. D-1. AsF4 soil fraction by plant type. Error bars represent the 95% confidence
interval.
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Fig. D-2. AsF5 soil fraction by plant type. Error bars represent the 95% confidence
interval.
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Fig. D-3. AsF6 soil fraction by plant type. Error bars represent the 95% confidence
interval.
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Fig. D-4. AsF7 soil fraction by plant type. Error bars represent the 95% confidence
interval.
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Fig. D-5. As(III)F4 and As(V)F4 soil fraction by plant type. Error bars represent the 95%
confidence interval.

Appendix E.
The following table is the correlation matrix for data collected from samples
collected at the end of the study.
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Table E-2 Correlation matrix for end of study samples.
(AG - Above ground plant tissue concentration, BG - below ground plant concentration).

As
(µg/L)
AsIII
(µg/L)
F1:
Total As
mg/kg
F1:
AsIII
mg/kg
F2:
AsIII
mg/kg
AG As
mg/kg
BG As
mg/kg
AG TP
mg/Kg
BG TP
mg/Kg

As
(µg/L)

AsIII
(µg/L)

1a

0.88816
<.0001
16
1

b

24c
0.88816
<.0001
16
0.40803
0.0478
24
0.46296
0.0227
24
0.45498
0.0255
24
0.33447
0.1749
18
0.69706
0.0013
18
0.61532
0.0066
18
-0.23793
0.3417
18

16
0.57888
0.0188
16
0.65179
0.0062
16
0.63755
0.0079
16
0.30586
0.3603
11
0.52847
0.0947
11
0.52752
0.0954
11
-0.08131
0.8121
11

F1:
Total As
mg/kg
0.40803
0.0478
24
0.57888
0.0188
16
1
24
0.85295
<.0001
24
0.92384
<.0001
24
0.27906
0.2621
18
0.30963
0.2112
18
0.58576
0.0106
18
-0.43282
0.0728
18

F1:
AsIII
mg/kg
0.46296
0.0227
24
0.65179
0.0062
16
0.85295
<.0001
24
1

F2:
AsIII
mg/kg
0.45498
0.0255
24
0.63755
0.0079
16
0.92384
<.0001
24
0.87439
<.0001
24
1

AG As
mg/kg

BG As
mg/kg

AG TP
mg/Kg

BG TP
mg/Kg

0.33447
0.1749
18
0.30586
0.3603
11
0.27906
0.2621
18
0.26988
0.2788
18
0.10566
0.6765
18
1

0.69706
0.0013
18
0.52847
0.0947
11
0.30963
0.2112
18
0.44198
0.0663
18
0.36825
0.1327
18
0.23103
0.3563
18
1

0.61532
0.0066
18
0.52752
0.0954
11
0.58576
0.0106
18
0.56225
0.0152
18
0.44782
0.0624
18
0.70265
0.0011
18
0.60007
0.0085
18
1

-0.23793
0.3417
18
-0.08131
0.8121
11
-0.43282
0.0728
18
-0.28203
0.2568
18
-0.48334
0.0422
18
-0.41788
0.0844
18
-0.24327
0.3307
18
-0.38366
0.116
18
1

24
0.87439
<.0001
24
24
0.26988
0.10566
0.2788
0.6765
18
18
18
0.44198
0.36825
0.23103
0.0663
0.1327
0.3563
18
18
18
18
0.56225
0.44782
0.70265
0.60007
0.0152
0.0624
0.0011
0.0085
18
18
18
18
18
-0.28203 -0.48334 -0.41788 -0.24327 -0.38366
0.2568
0.0422
0.0844
0.3307
0.116
18
18
18
18
18
a: Pearson correlation coefficient; b: Prob > |r| under H0: p=0, c: number of observations

18
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